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Antibodies, 

Immunoglobulins, and 
Receptors 



Antibodies belong to a group of structurally related glycopro- 
tein molecules found in the blood and extracellular fluids and 
known collectively as immunoglobulins. Immunoglobulins 
are the products of plasma cells, which secrete these proteins 
into serum and tissue fluids. Each plasma cell synthesizes and 
secretes large numbers of a single antibody that has the same 
antigen-binding specificity. Whereas some immunoglobulins 
are produced at all times in most normal animals, specific anti- 
bodies are a unique subset of immunoglobulins produced in 
response to antigenic stimulation. Given the enormous number 
of antigen specificities (epitopes) identifiable, an individual 
must have the ability to produce a great variety of antibody 
molecules. Cell surface antibodies on B cells serve as specific 
receptors for antigen; T cells also bear receptor molecules simi- 
lar to antibodies, but having different structural components. 

Gamma Globulin The first identification of antibodies among the serum proteins 
was accomplished by electrophoresis in 1938 (Fig. 6-1). It was 

Figure 6-1. If serum is 
placed under an electric 
gradient, the proteins will 
migrate in the charged field 
produced. The solid line 
depicts the serum protein 
electrophoresis pattern 
produced after absorption of 
serum from a hyperimmu- 
nized animal with the 
immunizing antigen. The 
dotted line depicts the 
protein pattern before ab- 
sorption. It was thus shown 
that antibodies are largely 
found in the gamma 
globulins (the least nega- 
tively charged serum 
proteins). 
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found that antibodies are part of the gamma globulin fraction of 
serum. With further characterization of antibody molecules, 
this class of proteins has been shown to be very heterogeneous 
and the term immunoglobulin has been applied to designate this 
group of serum proteins. Immunoglobulins possess a degree of 
structural heterogeneity not found in most other serum pro- 
teins, but at the same time immunoglobulins also have struc- 
tural similarities. 

loma Proteins The study of the structure, synthesis, and function of human 
immunoglobulins has been made possible by the production of 
homogeneous immunoglobulins by plasma cell neoplasms 
(multiple myeloma, macroglobulinemia). From the sera of in- 
dividuals with such tumors, homogeneous proteins can be iso- 
lated. These homogeneous immunoglobulins (myeloma 
proteins) can then be studied and structural analysis made that 
is not possible using normal immunoglobulins because of the 
great heterogeneity of normal immunoglobulins. The clinical 
features of multiple myeloma are presented in Chapter 28. 

Five major immunoglobulin classes have been identified in 
man. Some of the characteristics of these immunoglobulins are 
given in Table 6-1 . The five classes include immunoglobulins G 
(IgG), A (IgA), M (IgM), D (IgD), and E (IgE). The basic struc- 
tural unit of each immunoglobulin class consists of two pairs of 
polypeptide chains joined by disulfide bonds (Fig. 6-2). The 
disulfide bonds may be reduced by mercaptoethanol. In the 
presence of denaturing agent (e:g. , acid, urea) four polypeptide 
chains, two L (light)- and two H (heavy)-chains, are liberated. 
Each antibody molecule contains two identical light chains and 
two identical heavy chains. The intact molecule may be di- 
gested by proteolytic enzymes to yield other fragments (Fc and 
Fab fragments; Fig. 6-3). The term Fab is used because it is 
this fragment that binds antigen. Fc was applied to a non- 
antibody-binding fragment of rabbit antibody that crystallized 
in the test tube. The Fc fragments of most antibodies do not 
crystallize. The L-chains are shared by immunoglobulins of the 
different classes and can be divided into two subclasses, kappa 
(K) and lambda (A), on the basis of their structures and amino 
acid sequences. A given immunoglobulin molecule is either 
type K or type A. Approximately 60% of the serum immunoglob- 
ulin molecules contain K-type L-chains, and 40% A-type L- 
chains. The H-chains are unique for each immunoglobulin 
class and are designated by the Greek letter corresponding to 
the capital letter designation of the immunoglobulin class (a- 
chains for the H-chains of IgA, y-chains for the H-chains of IgG). 
IgM and IgA have a third chain component, the J-chain, which 
joins the monomeric units. 



Immunoglobulins 
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Figure 6-2. Human 
immunoglobulin classes. 
Human humoral (circulat- 
ing) antibodies belong to 
five classes: IgA, IgG, IgM, 
IgD, and IgE. Hie basic unit 
of each immunoglobulin 
molecule consists of two 
pairs of polypeptide chains 
joined by disulfide bonds. All 
immunoglobulins have the 
same L (light)-chain 
components, identifiable 
antigenically as kappa (k) or 
lambda (A), with any given 
immunoglobulin molecule 
having two K-chains or two 
A-chains. No naturally 
occurring immunoglobulin 
molecule has one K-chain 
and one A-chain. H (heavy)- 
chains of each 
immunoglobulin class are 
unique for that class and 
determine its biologic 
properties. H-chains of each 
immunoglobulin class are 
designated by the Greek 
letter corresponding to the 
capital letter identifying the 
class. 
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Biological The five classes of immunoglobulins have different biological 

Properties of properties and are distributed differently in the intact animal. 

Immunoglobulins The structure responsible for the biological properties of each 
immunoglobulin class is located on that part of the immuno- 
globulin molecule that is unique for each class (the Fc portion 
of the H-chain). 

Each IgG molecule consists of one H 2 L2 unit with a molec- 
ular weight of about 140,000. Molecules of the IgG class are 
actively transported across the placenta and provide passive 
immunity to the newborn infant at a time when the infant's 
immune mechanisms are not developed. IgG is widely distrib- 
uted in the tissue fluids and is about equally divided between 
the intravascular and extravascular spaces. 

IgM is the first immunoglobulin class produced by the 
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Figure 6-3. Human 
immunoglobulin fragments. 
The intact IgG molecule 
may be fragmented by 
different reagents into sub- 
units. Digestion with papain 
occurs on the amino side of 
the interchain disulfide 
bond and results in three 
major fragments, two Fab 
and one Fc, and a minor 
fragment. Fab fragments 
consist of an L-chain and the 
amino half of an H-chain 
joined by a disulfide bond. 
The Fc fragment consists of 
the carboxy halves of 
H-chains joined by a disul- 
fide bond. An additional 
small peptide from the mid- 
dle of the heavy chains 
containing a disulfide bond 



F(ab')2 



is also produced. The Fab 
fragment contains an 
antigen-binding site and 
reacts with, but does not 
precipitate, antigen because 
it is monovalent. The Fc 
portion is responsible for 
biological properties such as 
complement fixation. 
Digestion with pepsin occurs 
on the carboxy side of the 
interchain disulfide bond 
and results in two F(ab') 
fragments joined by a 
disulfide bond because one 
of the disulfide bonds 
joining the H-chains is pre- 
served. This fragment, 
F(ab') 2 , reacts with and pre- 
cipitates antigen because it 
is divalent (contains two 
antigen-binding sites). 



Additional peptide frag- 
ments, some containing 
disulfide bonds, are 
produced by the action of 
pepsin, presumably due to 
further digestion of the Fc 
fragment. Reduction of 
disulfide bonds, alleviation of 
free SH groups (R — 
CHjCONHj), and 
denaturation of ionic and 
hydrogen bonds result in lib- 
eration of polypeptide 
chains — two L-chains (MW 
22,000) and two H-chains 
(MW 50,000). Each polypep- 
tide chain contributes to the 
antigen-binding site of the 
intact Fab fragment. That 
portion of H-chain present 
in the Fab fragment is called 
the Fd piece. 



maturing fetus and may be the first immunoglobulin class rep- 
resenting a given antibody specificity following immunization 
(primary response). IgM occurs as five H 2 L 2 units joined toeach 
other by disulfide bonds located on the Fc part of the molecule 
and to the J-chain; its molecular weight is 900,000. IgM is found 
mainly in the intravascular fluids <80%). It is also the most 
efficient class of immunoglobulin in fixing complement and 
therefore is highly active in cytotoxic and cytolytic reactions 
(see Chapter 15). 

IgM does not normally cross the placenta from mother to 
fetus, but may be produced actively by the fetus prior to birth, 
especially if the fetus has been exposed to antigens by infection. 
Thus IgM antibodies in the cord blood of the fetus are evidence 
of fetal immunization by exposure to infectious agents. 
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IgA is found in relatively small amounts in serum and 
tissue fluids, but is present in high concentrations in external 
secretions such as colostrum, saliva, tears, and intestinal and 
bronchial secretions. The IgA molecules in these fluids exist as 
dimers (two H 2 L2 units) joined by a J-chain and bound to an 
extra protein (transport piece). This transport piece is produced 
by secretory mucosal or glandular cells and facilitates the se- 
cretion of the dimeric IgA into the external fluids. Because IgA 
antibodies are prominent in external secretions, such antibod- 
ies are part of the first line of defense against infectious agents. 

IgE is present in very low concentrations in serum and 
tissue fluids, but binds to a specific cell surface receptor on 
tissue mast cells (see Chapter 18). These cells are so named 
because they contain cytoplasmic granules and appear to have 
eaten (German Mast, "forced fattening"). Mast cells are armed 
by IgE antibodies that are bound to their surface receptors. 
Each antigen to which an individual is allergic may interact 
with cell-bound IgE and trigger the release of the granules. This 
releases biologically active molecules, such as histamine and 
serotonin. Antibody with this biological property is termed rea- 
ginic antibody or reagin. 

IgD is present in very low concentrations in the serum. 
IgD is found on the surface of a high proportion of immature 
human B lymphocytes, suggesting that IgD may serve as a cel- 
lular receptor for antigen. The same variable region is used for 
IgD on the cell surface and for the IgM, IgG, or IgA that will 
ultimately be secreted. Thus, when antigen binds the IgD re- 
ceptor, it stimulates the cell to multiply and ultimately to differ- 
entiate and to secrete antibodies of other classes that will be 
specific for the antigen. 

Subclasses (Isotypes) In addition to the five major classes of immunoglobulins in 
humans, subclasses of IgG, IgA, and IgM have been recognized. 
For example, four subclasses of IgG may be identified. These 
subclasses are designated IgG x , IgG 2 , JgG 3 , and igG 4 . The sub- 
classes differ in the sequence of their heavy chain constant 
regions (Table 6-2). IgG, molecules predominate in normal 
serum (9 mg/ml). The serum content of IgG 2 is 2.5 mg/ml, and 



Table 6-2. Biological Properties of IgG Subclasses 



Property IgG, IgGj IgGj IgG< 



Percentage of total IgG in serum 65 23 

Complement fixation ++ + 1,1 | i 

Placental transfer +++ ++ +++ +++ 

Passive cutaneous anaphylaxis* +++ 0 +++ +++ 

Receptor for macrophage +++ 0 +++ 0 

Reaction with staph protein A +++ +44- 0 _ +44 

Pro minent antibody activity Anti-Rh Anti-levan, anti-dextran Anti-Rh Anti-tactorVIII 
« Heterocytophilic antibody (see Chapter 18). 
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the serum content of IgG 3 and IgG 4 is 0.5 to 1.0 mg/ml. The 
biological significance of these immunoglobulin subclasses is 
not well understood. However, IgGj and IgG 3 are more active in 
fixing complement, whereas IgG 4 does not fix complement. 
IgG 2 predominates in the response to polysaccharide antigens 
and does not cross the placenta with the same efficiency as the 
other IgG subclasses. Therefore, the different IgG subclasses 
have different biological properties. In addition, the locations 
of the interchain disulfide bonds are different. IgAi and IgA 2 
subclasses differ in sensitivity to bacterial proteases, and a 2 H 
and L chains are not joined to each other by disulfide bonds, as 
are ai chains, but are held together by electrostatic forces. 

The primary structure of a protein molecule is the sequence of 
amino acids that make up the light and heavy polypeptide 
chains (see Fig. 6-4). On the basis of antibody sequence data, 




Figure 6-4. Schematic view 
of four-chain structure of 
human IgG molecule. 
Numbers on right side: ac- 
tual residues of myeloma 
protein EU. Numbers of Fab 
fragments on left side 
aligned for maximum homo- 
logy; light chains numbered 
as by E.A. Kabat (J Immunol 
125:961, 1980). Hypervari- 
able regions, complemen- 
tarity-determining regions 



(CDR): heavier lines. V L and 
V H : light- and heavy-chain 
variable regions. C„l, C„2, 
and C H 3: domains of 
constant region of heavy 
chain. C L : constant region of 
light chain. Hinge region in 
which two heavy chains are 
linked by disulfide bonds is 
indicated approximately. 
Attachment of carbohydrate 
is at residue 297. Arrows at 
residues 107 and 110 denote 



transition from variable to 
constant regions. Sites of ac- 
tion of papain before the 
hinge region and of pepsin 
after the hinge region show 
why papain produces Fab 
monomers and pepsin 
produces F(ab)2 dimers. 
Locations of a number of 
heritable allotypic differ- 
ences (Gm, Inv) are given. 
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Soluble Tumor Necrosis Factor (TNF) Receptors 
Are Effective Therapeutic Agents in Lethal 
Endotoxemia and Function Simultaneously as 
Both TNF Carriers and TNF Antagonists 

Kendall M. Mohler, 1 * Dauphine S. Torrance,* Craig A. Smith,* Raymond G. Goodwin,* 
Kay E. Stremler, 8 Victor P. Fung,™ Hassan Madani/ and Michael B. Widmer* 

"Departments of Immunology, biochemistry, *Molecular Biology, Analytical Biochemistry, ^Mammalian Cell 
Development, and ""Purification Development, Immunex Corporation, Seattle, WA 98101 

Abstract. Two forms (monomeric or dimeric) of the extracellular, ligand-binding portion of the human p80 ceH- 
surface receptor for TNF were used to antagonize TNF activity in vitro and in vivo. The dimeric sTNFRrFc molecule 
was a more potent inhibitor of TNF than the monomeric sTNFR 450 to 1 000X), as assessed in vitro by inhibition 
of TNF binding or bioactivity and in vivo by protection of mice from an otherwise lethal injection of LPS. Surprisingly, 
the dimeric sTNFR:Fc construct demonstrated a beneficial effect even when administered 3 h after a lethal LPS 
injection (i.e., after serum TNF levels had peaked and receded). To study the mechanism by which the soluble TNFR 
functions in vivo, serum TNF levels were examined in mice given LPS in the presence or absence of soluble receptor. 
Administration of a mortality-reducing dose of sTNFR:Fc ablated the rise in serum TNF bioactivity that normally 
occurs in response to LPS. However, TNF bioactivity was revealed in these "TNF-negative" serum samples when 
the L929 bioassay was modified by inclusion of a mAb that blocks the binding of murine TNF to the human soluble 
TNFReceptor. These results indicate that the absence of direct cytolytic activity in the L929 assay was caused by 
neutralization of TNF, rather than to an absence of TNF in the serum. Moreover, administration of either monomeric 
sTNFR or low doses of dimeric sTNFR:Fc actually resulted in increased serum TNF levels compared to mice given 
LPS but no soluble receptor. However, these "agonistic" doses of soluble receptor did not lead to increased mortality 
when an LDeo dose of LPS was given. Thus, dimeric sTNFR are effective inhibitors of TNF and under some cir- 
cumstances function simultaneously as both TNF "carriers" and antagonists of TNF biologic activity. Journal of 
Immunology, 1993, 151: 1548. 



TNF is a polypeptide hormone released by activated 
macrophages and T cells, which mediates a wide 
range of biologic functions. In addition to its po- 
tential role as a regulator of the normal immune response, 
TNF is also thought to play a major role in systemic toxicity 
associated with sepsis (1-6). TNF may also be involved in 
the pathogenesis of AIDS (7-9) as well as a number of 
autoimmune and inflammatory diseases (10-13). A mole- 



Received for publication December IS, 1992. Accepted for publication April 
30, 1993. 

The costs of publication of this article were defrayed in part by the payment of 
page charges. This article must therefore be hereby marked advertisement in 
accordance with 1 8 U.S.C. Section 1 734 solely to indicate this fact. 
1 Address correspondence and reprint requests to Dr. Kendall M. Mohler, 
Immunex Corporation, 51 University Street, Seattle, WA 98101. 



cule that specifically inhibits the biologic activities of TNF 
may thus have considerable therapeutic utility. 

Soluble, extracellular, ligand-binding portions of cyto- 
kine receptors occur naturally in body fluids and are be- 
lieved to regulate the biologic activities of cytokines (14- 
17). The importance of these molecules as cytokine regu- 
lators is underscored by the fact that several pox viruses 
encode proteins with structural and functional homology to 
the extracellular portions of the receptors for TNF and IL- 1 
(18-20). Considerable controversy exists concerning the 
type of regulatory role naturally occurring soluble cytokine 
receptors might perform. Although it is likely that such 
molecules will function as cytokine carriers in an opera- 
tional sense by altering the biodistribution of the cytokine 
to which they bind, it is not clear whether such an inter- 
action would serve to agonize or antagonize the biologic 
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effects of the cytokine (21, 22). However, experiments in 
which recombinant soluble receptors have been adminis- 
tered in vivo demonstrate their potential to inhibit immune 
and inflammatory responses, presumably by acting as an- 
tagonists of cytokine activity (23, 24). 

There are two distinct cell-surface receptors for TNF: the 
80 kDa <p80) and the 60 kDa (p60) receptors, both of which 
bind TNF-a and TNF-0 (25, 26). Given the predominantly 
trimeric nature of TNF (25) and the apparent requirement 
for cross-linking of cell-surface TNFR for signal transduc- 
tion (27), it is likely that dimeric soluble receptor constructs 
should possess a higher affinity for TNF (28) and therefore 
function as considerably more potent competitive inhibitors 
than monomeric sTNFR. 2 This prediction has been verified 
by the results of recent experiments demonstrating superior 
TNF inhibitory activity of dimeric Fc fusion constructs of 
p60 in vitro (29). Although soluble forms of both mono- 
meric and dimeric p60 TNFR have been shown to be ben- 
eficial in animal models of sepsis, no direct comparison of 
the in vivo potency of monomeric vs dimeric receptors in 
sepsis has been reported. In addition, little information is 
available concerning the mode of action of such inhibitors 
in vivo. 

Monomeric and dimeric (Fc fusion protein) forms of the 
p80 TNFR were constructed and compared in vitro and in 
vivo for effects on TNF biologic activity. The results in- 
dicate that the sTNFR:Fc, but not the sTNFR, was effective 
in reducing mortality associated with LPS administration, 
at least over the concentration range tested. In addition, the 
sTNFR:Fc molecule can function simultaneously as both a 
TNF "carrier" and an antagonist of TNF biologic activity 
and thus inhibit the lethal effects of LPS by acting as a 
biologic buffer for TNF. 

Materials and Methods 

Mice 

BALB/c female mice 8 to 10 wk old were purchased from 
Charles River (Wilmington, MA) and were maintained 
within a specific pathogen-free environment. 

Construction and production of p80 sTNFR and 
sTNFR:Fc 

Recombinant sTNFR was expressed in a CHO cell line 
using the glutamine synthetase selectable and amplifiable 
marker. For production, cells cultured to confluence in 
roller bottles were washed with PBS and then cultured in 
serum-free medium. Purification of the sTNFR from the 
CHO supernatant was accomplished in a single affinity 



2 Abbreviations used in this paper: sTNFR, soluble monomeric human pBO 
TNFR; sTNFR:Fc, recombinant fusion protein composed of soluble dimeric 
human p80 TNFR linked to the Fc region of human IgGI : CHO, Chinese 



chromatography step using a mAb, Ml, specific for 
sTNFR. 

Recombinant sTNFR:Fc was expressed in CHO cells us- 
ing the dihydrofolate reductase selectable and amplifiable 
marker. Suspension cells were centrifuged and resuspended 
into serum-free medium in a controlled bioreactor. The 
product was collected after 7 days. The sTNFR:Fc molecule 
was purified using protein A affinity chromatography fol- 
lowed by an ion-exchange step. 

Concentrations of the purified sTNFR and sTNFR:Fc 
were determined by amino acid analysis. Endotoxin levels 
were (letermined to be <5.6 ng endotoxin/mg sTNFR or 
sTNFR:Fc using the Kinetic-QCL assay (Whittaker Bio- 
products, Walkersville, MD) for detection of Gram- 
negative bacterial endotoxin. Physical characterization 
included SDS-PAGE, N-terminal sequencing, and immun- 
oreactivity analyses (K. E. Stramler and H. Madani, un- 
published observations). A diagrammatic representation of 
p80 sTNFR and sTNFR:Fc is shown in Figure 1. 

Antibodies to soluble TNFR 

The generation of mAb to the human p80 sTNFR has been 
described previously (30). Ml mAb<rat IgG 2b) and M3 
(rat IgG) mAb both bind to the human p80 sTNFR but not 
to mouse TNFR. 

Binding inhibition assay 

Human rTNF-a was expressed in yeast as a protein com- 
posed of the entire coding region of mature TNF fused to 
an octapeptide at the N terminus, useful in affinity purifi- 
cation. Purified TNF was radioiodinated as described (18) 
to a sp. act. of 2 X 10 15 cpm/mmol, without loss of biologic 
activity (measured in an L929 cytolysis assay) or receptor- 
binding activity (see below). 

Inhibition assays were carried out as described (31). 
Briefly, [ 125 I]TNF-a (0.5 nM) was incubated in binding 
medium (RPMI 1640, 2.5% BSA, 50 mM HEPES buffer, 
pH 7.4, 0.4% NaN 3 ) for 2 h at 4°C with serially diluted 
inhibitors (human sTNFR:Fc, sTNFR monomer, or unla- 
beled human rTNF-a) and 2 X 10 6 U937 cells. Duplicate 
aliquots were subsequently removed, centrifuged through 
a phthalate oil mixture to separate free and bound ligand, 
and the radioactivity was measured on a gamma counter. 
Nonspecific binding values were determined by inclusion 
of a 200 X molar excess of unlabeled TNF and were sub- 
tracted from total binding data to yield specific binding 
values. Data were plotted and results analyzed as described 
(31). 

4.929 bioassay for TNF activity 

The protocol used to measure the presence of TNF cytolytic 
activity using L929 cells as targets has been described pre- 
viously <32, 33). Briefly, 10 fi\ of mouse serum, mouse 
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FIGURE 1. Construction of i 
sTNFR and dimeric sTNFR:Fc molecules. 
Extracellular portions of the human p80 
TNFR cDNA were cloned and produced as 
described in Materials and Methods. In the 
dimeric sTNFR:Fc molecule three disulfide 
bonds are depicted. However, the disulfide 
bond closest to the N terminus is normally 
used for binding to the Ig L chain and thus, 
its state (i.e., free cysteine or disulfide bond) 
in the sTNFR:Fc fusion product is not 
known. 




rTNF-a (Genzyme, Boston, MA), or supernatant from 
LPS-stimulated RAW 264.7 cells (American Type Culture 
Collection, Rockville, MD) was serially diluted (50%:50%, 
v/v) in flat bottom, 96-well microtiter plates. L929 medium 
(RPMI 1640 with 10% FCS, 2 mM L-glutamine, 50 U/ml 
penicillin, and 50 /xg/ml streptomycin) was added to each 
well, followed by soluble receptors, control proteins, or 
mAb in a total volume of 30 Ten microliters of acti- 
nomycin D was then added (final concentration of 0.1 figl 
well; Sigma, St. Louis, MO). Finally, 5 X 10 4 L929 cells 
were added to each well (final volume/well = 100 u,l) and 
the plates were incubated at 37°C in 5% C0 2 . To prevent 
the influence of edge effects on the TNF bioassay, only the 
inner wells of each plate were utilized. All outer wells re- 
ceived 200 fi.1 of L929 medium only. After 16 h of incu- 
bation, the culture medium was removed and replaced with 
200 fil of 0.5% crystal violet in methanol/water (1/4). The 
plate was washed with distilled water and air dried at am- 
bient temperature. One hundred microliters of 2% deoxy- 
cholic acid (catalog no. D-6750, Sigma) was added to each 
well to solubilize the crystal violet and the plates were an- 
alyzed on an ELISA plate reader at 562 nm. The negative 
control consisted of L929 cells in the presence of 
actinomycin-D. Estimates of serum TNF concentrations 
were obtained by comparing the TNF activity in the ex- 
perimental serum samples with the activity obtained with 
the mouse rTNF-a standard. 

LPS-induced mortality 

LPS, derived from Escherichia coli 0127:B8 (catalog no. 
DF3132-25, VWR, Seattle, WA), was resuspended at 10 
mg/ml in sterile saline and stored at -20°C in small ali- 
quots. The LPS was diluted to the proper concentration and 
sonicated (CU-6 sonicator; Branson, Shelton, CT) for 1 min 
before injection. BALB/c female mice (18 to 20 g) were 
injected i.v. with an LD m to LD 100 dose of LPS (300 to 400 



fig) in 0.2 ml of saline. The LPS was injected either alone 
or in conjunction with sTNFR, sTNFR:Fc or control pro- 
tein, human IgG (catalog no. 1-4506, Sigma). In some ex- 
periments, mice were injected with LPS i.v. followed at 2, 
3, or 4 h with an i.v. injection of soluble receptor or control 
protein. Survival was monitored for at least 5 days and, in 
some experiments, the mice were observed for a maximum 
of 4 wk. However, no further mortality occurred after the 
initial 5-day observation period. 

Results 

In vitro neutralization of TNF activity by soluble 
TNFR 

The ligand binding characteristics of sTNFR monomer and 
sTNFR:Fc were determined by cell-based inhibition studies 
using 125 I-human rTNF-a and U937 cells expressing sur- 
face p80 and p60 TNFR. Results of these experiments are 
shown in Figure 2A. To generate a robust criterion of the 
relative activity of the sTNFR:Fc, we have analyzed the 
binding inhibition data with a simple one-site model to 
yield a single K t , which reflects that concentration of in- 
hibitor which mediates 50% inhibition of binding of TNF 
to cell-surface receptors. As predicted from (1) the multi- 
valent interactions that occur between TNF ligands and 
receptors and (2) previous studies (29), the sTNFR:Fc 
(Ki = 1 X 10 10 M -1 ) shows ~50-fold higher affinity for 
the ligand than does the sTNFR monomer = 2 X 10 8 
M -1 ). Thus, one might suspect that the sTNFR:Fc molecule 
would be a better antagonist of TNF biologic activity in 
comparison to the monomelic sTNFR in vitro and in vivo. 
To address the biologic efficacy of monomeric (sTNFR) 
and dimeric (sTNFR:Fc) forms of the soluble p80 TNFR, 
both molecules were analyzed for their ability to neutralize 
TNF activity in vitro in the L929 bioassay (Fig. 2B). Mo- 
nomeric sTNFR and dimeric sTNFR:Fc inhibited the ac- 
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FIGURE 2. Comparison of TNF 
binding and neutralizing capability of 
sTNFR and sTNFR:Fc. A, U937 cells 
(2 X 1 0 6 ) were incubated at 4°C for 4 
h with 0.5 nM 125 l-human rTNF-a in 
binding medium and varying con- 
centrations of inhibitor (sTNf R:Fc, 
sTNFR monomer or unlabeled hu- 
man rTNF-a) in a total volume of 1 50 
pi. Duplicate 70-pl aliquots of the 
suspension were subsequently re- 
moved and microfuged through a 
phthalate oil mixture to separate free 
and bound ligand. Radioactivity was 
measured in a gamma counter and 
the data were analyzed according to 
a simple competitive inhibition mod- 
el. B, a constant amount of murine 
rTNF-a (125 pg/ml) or natural TNF 
(derived from LPS-stimulated RAW 
cells, 1/200 dilution) was added to 
each well of an L929 cytolysis assay 
in the presence of varying amounts of 
inhibitors (sTNFR, sTNFR:Fc or hu- 
man IgC). Details of the L929 cytol- 
ysis assay are provided in Materials 
and Methods. The OD of L929 cells 
in the absence of TNF is indicated by 
the upper solid line (mean OD ap- 
proximately 0.45) and maximal lysis 
of L929 cells is indicated by the lower 
solid line (mean OD approximately 
0.075). 
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tivity of mouse TNF (recombinant or natural) in a dose- 
dependent fashion; however, sTNFR:Fc was approximately 
1000-fold more efficient than sTNFR. Identical results 
were obtained when human rTNF-a was utilized as the 
ligand (data not shown). Human IgG, used as a control 
protein, had no effect on TNF activity. 

Ability of sTNFR to prevent mortality induced by LPS 

We have also compared the biologic efficacy of sTNFR and 
sTNFR:Fc in vivo in a murine model of LPS-induced septic 
shock. Various doses of sTNFR:Fc or control protein (hu- 
man IgG) were mixed with a lethal dose of E. coli LPS (400 
ju,g/mouse) and injected i. v. into 1 8- to 20-g B ALB/c female 
mice. Survival was monitored for 5 days and the results are 
presented in Figure 3. Treatment of mice with LPS only or 
LPS and any dose of human IgG resulted in 0 to 10% long 



term survival. In contrast, 90% of mice treated with LPS 
plus 100 Mg (1.95 nmol) of sTNFR:Fc survived. Beneficial 
effects of the sTNFR:Fc protein were also evident with 
doses as low as 10 fig (0.2 nmol)/mouse. In similar studies 
we have been unable to demonstrate an effect of recom- 
binant monomeric sTNFR on survival even when doses as 
high as 260 u.g {10.35 nmol) were administered (Fig. 4). 
However, based on the in vitro neutralizing capacity of the 
monomeric vs dimeric sTNFR (Fig. 2) and the dose of 
sTNFR:Fc required to effect survival in vivo (Fig. 3), mo- 
nomeric sTNFR would be predicted to demonstrate effi- 
cacy at much higher doses (10 mg/mouse). 

The ability of the sTNFRrFc protein to provide protec- 
tion when given at various times after LPS administration 
was also tested. Mice received a lethal dose of LPS (i.v.) 
followed 2, 3, or 4 h later by sTNFR:Fc (100 /xg/mouse). 
Two to three separate experiments were conducted for«ach 
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FIGURE 3. Administration of sTNFR:Fc 
prevents mortality of BALB/c mice in- 
jected with a lethal dose of LPS. Various 
doses of sTNFR:Fc or human IgG, as a 
control, were mixed with a lethal dose of 
LPS (400 ug) and injected i.v. into BALB/c 
mice. Survival was monitored at least 
once a day for 5 days. In each of three 
separate experiments, mice treated with 
sTNFR:Fc at doses of 1 0 ug or above dem- 
onstrated enhanced survival. 
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FIGURE 4. Administration of sTNFR 
does not affect mortality of BALB/c 
mice injected with a lethal dose of LPS. 
The procedure was identical to that de- 
scribed in the legend to Figure 3. Note: 
the response of mice treated with hu- 
man IgG plus LPS overlaps the re- 
sponse of mice treated with sTNFR 
(260 ug) plus LPS. 
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time point. All experiments provided similar results and 
therefore the results were pooled (Fig. 5). The results dem- 
onstrate that the administration of sTNFR:Fc was clearly 
beneficial even when administered up to 3 h after the in- 
jection of LPS. In the same experiment, the progression of 
serum TNF activity after LPS injection was determined in 
a subset of mice that received LPS only (Fig. 6). These 
experiments and previous reports (34-36) demonstrate that 
most of the serum TNF activity was produced during the 
first 2 h after LPS administration. These results demonstrate 
that the sTNFR:Fc protein was efficacious even when ad- 
ministered after serum TNF levels had peaked and receded. 
Thus, the efficacy of the sTNFR:Fc molecule must not be 
due solely to neutralization of serum TNF bioactivity. 



Effect of sTNFR and sTNFRrFc on serum TNF levels 
in vivo 

To study the mechanism by which sTNFR:Fc protected 
mice from an otherwise lethal dose of LPS, the effect of the 
two forms of soluble TNFR on TNF activity present in the 
serum was examined. Mice were injected with LPS alone 
(400 fig) or LPS mixed with 100 /j.g of sTNFR, sTNFR:Fc, 
or control protein, human IgG. Serum samples were ob- 
tained 2 h after injection and assayed for TNF bioactivity 
(Fig. 7). Mice injected with LPS alone or LPS mixed with 
human IgG exhibited equivalent amounts of serum TNF 
activity (approximately 1 ng/ml) 2 h after LPS injection. In 
contrast, mice treated with LPS plus 100 fig of sTNFR:Fc 
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FIGURE 5. Administration of sTNFR-.Fc 
prevents mortality of BALB/c mice even 
when injected 3 h after a lethal dose of 
LPS. At 2, 3, or 4 h after i.v. injection of a 
lethal dose of LPS (400 ug), 100 ug of 
sTNFR:Fc or human IgG, as a control, 
were injected i.v. Survival was monitored 
at least once a day for 5 days. The results 
represent a compilation of two to three 
separate experiments. 
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(which protects mice from the lethal effects of LPS injec- 
tion, (Fig. 3)) had little or no serum TNF activity as assessed 
in the L929 assay. Somewhat surprisingly, mice treated 
with an equivalent dose of monomelic sTNFR (which was 
not efficacious in survival studies) exhibited serum TNF 
levels 10-fold higher (10 ng/ml) than control mice treated 
with LPS only or LPS plus human IgG. 

Figure 8 depicts results of an experiment in which the 
relationship between the dose of sTNFR:Fc and serum TNF 
activity was examined. Sera obtained from mice injected 
with LPS alone or LPS plus 1 to 100 fig of human IgG 
contained detectable TNF activity that titrated in a pre- 
dictable fashion. Sera obtained from mice 2 h after treat- 
ment with 100 or 30 u.g of sTNFR:Fc and LPS contained 
little if any demonstrable TNF activity. Mice injected with 
10, 3, or 1 fig of sTNFR:Fc and LPS exhibited serum TNF 
activity but the sera displayed unusual characteristics. 
These serum samples demonstrated intermediate levels of 



TNF activity, which failed to decrease even when diluted 
to 1/160 (Fig. 8) (data not shown). Because these results 
were obtained only when mice received LPS and low doses 
of the sTNFR:Fc, we examined the influence of the 
sTNFR:Fc on TNF activity in these samples. 

Ability of sTNFR:Fc molecules to act as carriers of 
TNF 

Experiments were conducted to determine the effect of 
blocking the TNF-binding ability of sTNFR:Fc molecules 
in vitro in the L929 cytolysis assay. To this end, we utilized 
a mAb (Ml) that binds to the sTNFR:Fc molecule and 
blocks the ability of the soluble human TNFR:Fc protein to 
bind TNF. Another rat mAb <M3) that binds the sTNFR:Fc 
molecule but does not block TNF binding was used as a 
control. To examine the ability of Ml to block TNF binding 
to sTNFR:Fc proteins, constant amounts of sTNFR:Fc (200 
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Tim* po*t LPS Injection (Hr») 

FIGURE 6. Serum TNF levels are elevated for 2 h after 
lethal LPS injection. Mice were injected with a lethal dose of 
LPS (400 |jg) and serum was obtained at 1 , 2, 3, or 4 h. TNF 
activity was assessed by the L929 cytolysis assay as described 
in Materials and Methods. 



ng/ml) and murine rTNFa (125 pg/ml) were added to di- 
lutions of Ml, M3, or rat IgG (Fig. 9). The ability of the 
sTNFR:Fc protein to neutralize the activity of TNF was 
reversed only in the presence of Ml. In addition, full neu- 
tralization of the sTNFR:Fc protein (200 ng/ml) required a 
10-fold excess (2 jig/ml) of Ml. 

The effect of addition of M 1 to serum obtained from mice 
2 h after injection of LPS (400 u-g) mixed with 10 or 100 
u,g of sTNFRrFc was examined. As previously described 
(Fig. 8), the serum obtained from mice treated with 10 fig 
of sTNFR:Fc demonstrated intermediate levels of activity 
that were not altered by dilution (Fig. 10). Addition of Ml 
(2 jutg/ml) to dilutions of the serum revealed the presence 
of additional TNF activity, which titrated in a predictable 
fashion. As expected, addition of control antibody (i.e., M3 
or rat IgG) had no effect on the TNF activity. Furthermore, 
addition of Ml, M3, or rat IgG had no effect on serum 
samples that did not contain the soluble human TNFR:Fc 
protein (i.e., sera obtained from mice injected with LPS and 
human IgG), demonstrating that the antibody did not affect 
the ability of mouse TNF to bind to the indicator L929 cells 
(Fig. 10). We have also examined serum samples from mice 
treated with a higher dose of sTNFR:Fc ( 1 00 jxg) and LPS. 
In the absence of manipulation these samples did not dem- 
onstrate TNF activity in vitro. However, TNF activity was 
revealed when serum from these mice was treated with Ml 
but not with M3 or rat IgG (Fig. 10). In fact, maximal 
activity in the L929 assay of the sera from mice injected 
with sTNFR:Fc (100 fug) and LPS was still apparent at 
serum dilutions of 1/100, whereas sera obtained from mice 
treated with LPS only or LPS plus human IgG demonstrated 
only small amounts of TNF activity at a dilution of 1/16 
(Fig. 10). 



To determine whether or not sTNFR:Fc could prolong 
the presence of serum TNF, mice were injected with LPS 
and 10 or 100 jig of sTNFR:Fc or human IgG, as described 
above, and serum samples were obtained at 4 h. The serum 
samples were assayed in the L929 bioassay in the presence 
and absence of Ml, M3, or rat IgG (Fig. 11). As expected, 
sera obtained from mice injected 4 h previously with LPS 
alone or LPS plus human IgG did not contain serum TNF 
activity. However, sera obtained from mice injected with 
LPS plus sTNFR:Fc (10 or 100 m») still contained bio- 
logically active TNF, which titrated in a predictable fashion 
in the presence of Ml mAb. Thus, mice injected with LPS 
and the soluble human TNFRrFc protein, even at thera- 
peutic doses, retained increased levels of TNF in the serum 
that persisted for longer periods of time. However, depend- 
ing upon the dose of sTNFR:Fc administered, the TNF ac- 
tivity was either (1) enhanced or<2) revealed only upon the 
addition of a rnAb which blocked the binding of TNF to the 
sTNFR:Fc protein. These observations indicate that the 
binding of the sTNFR:Fc protein to TNF is reversible and 
that the inhibition of TNF activity reflects a balance be- 
tween the presence of sTNFR:Fc, TNF, and endogenous 
TNFR {either cell surface or soluble). 

The carrier function of sTNFR:Fc molecules is not 
detrimental to the host 

As the administration of sTNFR:Fc under some circum- 
stances produced increased levels of serum TNF (Fig. 8) 
that persisted for at least 4 h (Fig. 1 1), it was important to 
determine whether or not the administration of sTNFRrFc 
molecules under these circumstances would lead to detri- 
mental consequences. Mice were injected with a dose of 
LPS (300 /ig) which produced intermediate levels of mor- 
tality (60 to 70%), such that beneficial or deleterious effects 
of the TNFR could be observed. Mice treated with 
sTNFR:Fc at doses ranging from 10 ng to 10 m€ demon- 
strated equivalent or slightly better survival when com- 
pared with mice treated with LPS alone or LPS and human 
IgG (Fig. 12). Further experiments in which lower doses of 
sTNFR:Fc (100 pg to 1 pug) were utilized yielded similar 
results (data not shown). Thus, administration of sTNFR:Fc 
in sublethal models of LPS toxicity had no detrimental con- 
sequences on the survival incidence. 



Discussion 

The data presented in this report demonstrate that a fusion 
molecule consisting of a soluble form of the extracellular 
portion of the p80 cell surface TNFR fused to the Fc portion 
of human IgGl (sTNFRrFc) is an effective antagonist of 
LPS-induced septic shock. An increased incidence of sur- 
vival in mice given an otherwise lethal dose of LPS was 
observed when the sTNFRrFc protein was injected 0 to 3 
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FIGURE 7. The effect of sTNFR vs sTN- 
FRFc on serum TNF levels after co-admin- 
istration of LPS in vivo. LPS (400 ug) was 
mixed with 100 ug of sTNFR, sTNFRfc, or 
human IgG and administered i.v. to 
BALB/c mice. Serum samples were ob- 
tained 2 h after injection and analyzed for 
TNF activity in the L929 cytolysis assay. 
The results were obtained from three to 
four separate experiments for each treat- 
ment group. The sensitivity of the TNF bio- 
assay is approximately 50 pg/ml and is in- 
dicated by the solid line. 
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FIGURE 8. Analysis of TNF bioactivity 
in serum samples obtained 2 h after in vivo 
co-injection of LPS and sTNFR:Fc. A lethal 
dose of LPS (400 ug) was mixed with vary- 
ing doses of sTNFR:Fc or human IgG and 
injected i.v. into BALB/c mice. Serum was 
obtained from three mice in each group 2 
h after injection. The serum for each group 
was pooled and analyzed for TNF activity 
in the L929 assay. 



INVERSE DILUTION 

h after LPS administration (Figs. 3 and 5). When admin- 
istered simultaneously with LPS, doses of sTNFR:Fc as 
low as 10 fig (0.2 nmol)/mouse were beneficial (Fig. 3). In 
contrast, administration of up to 260 u,g (10.35 nmol) of the 
monomelic sTNFR failed to affect the incidence of mor- 
tality induced by LPS, even when the incidence of mortality 
in the control group was only 50% (Fig. 4). This difference 



in efficacy between sTNFR:Fc and sTNFR in vivo may be 
explained in large part by the higher affinity of TNF for 
sTNFR:Fc than sTNFR, which results in a substantially 
greater ability of sTNFR:Fc to neutralize the biologic ef- 
fects of TNF (Fig. 2). Furthermore, linkage of the sTNFR 
to the Fc region of Ig imparts a fivefold longer serum A* to 
the sTNFR:Fc molecule after i.v. injection (37), a property 
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FIGURE 9. Inhibition of the TNF neutral- 
izing capacity of the human p80 sTNFR:Fc 
molecule by Ml but not M3 mAb. Dilu- 
tions of Ml , M3, or rat IgG were added to 
constant amounts of sTNFR:Fc and murine 
rTNF-a in the L929 assay as described in 
Materials and Methods. 
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that could also influence its efficacy in vivo. 

The ability of sTNFR to alter the magnitude and time 
course of serum TNF after co-administration with LPS in 
vivo was examined. Sera from mice that received high, 
life-saving doses of sTNFR:Fc (e.g., 100 fig) failed to ex- 
hibit significant levels of TNF bioactivity when assayed 
directly in the L929 cytolysis assay. However, further ex- 
perimentation demonstrated that TNF was present in the 
serum but it was biologically inactive because of the con- 



comitant presence of sTNFR:Fc. TNF activity in these si 
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pies was revealed in the presence of a mAb which blocked 
the ability of the human sTNFR:Fc molecules to bind TNF 
but did not interfere with the ability of TNF to bind to the 
murine TNFR on the surface of the L929 indicator cells 
(Figs. 9 to 11). These results suggest that the sTNFR:Fc 
protein has a relatively high exchange rate for TNF, such 
that once TNF is released in vitro, it can be detected if the 
TNF is inhibited from subsequently binding to free 
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FIGURE 11. Prolongation of serum TNF in vivo by sTNFR:Fc. The protocol was identical to that described in the legend to 
Figure 10 except that the serum samples were obtained 4 h after LPS injection. 



sTNFR.Fc molecules. If TNF is also released from the 
sTNFR:Fc molecule in vivo, the sTNFR:Fc molecules may 
function by dissipating the peak in serum TNF levels nor- 
mally associated with bolus LPS injection. 

Soluble TNFR:Fc molecules also function as carriers of 
TNF in that they alter the rate at which TNF disappears 
from the serum of LPS-treated mice. Control mice injected 
with LPS alone or LPS and human IgG had elevated serum 
TNF levels only during the first 2 h after injection (Figs. 
6, 10, 11). However, mice treated with LPS and sTNFR:Fc 
retained TNF in their serum for at least 4 h (Fig. 11). In 
support of these data, we have demonstrated that the f 1/2 0 
of labeled TNF is increased approximately fourfold in vivo 
when injected concomitantly with sTNFR:Fc (D. Lynch 
and K. M. Mohler, unpublished observations). These results 
suggest that the sTNFR:Fc protein functions as an effective 
antagonist of LPS induced mortality by acting as a biologic 
buffer for TNF activity. 

When mice were exposed to lethal doses of LPS and low 
doses of sTNFR, which failed to affect mortality incidence, 
serum TNF levels as detected in the L929 bioassay were 
elevated in comparison to control mice receiving LPS alone 
or LPS plus IgG (Figs. 7 and 8). However, despite the fact 
that low doses of sTNFR increased serum TNF activity, no 
agonistic activity in terms of mortality could be demon- 
strated when low doses of sTNFR were administered in 



conjunction with an LD*, dose of LPS (Fig. 12) (data not 
shown). These data indicate that the agonistic effects on 
serum TNF activity obtained in vivo in the presence of 
sTNFR were distinct from the effects of sTNFR on LPS- 
induced mortality. Alternatively, the sTNFR may function 
as an agonist only with lethal doses of LPS. If the latter 
hypothesis is correct, then lower (nonlethal) doses of LPS 
may induce sufficient quantities of endogenous soluble 
TNFR so that the administration of exogenous sTNFR:Fc 
molecules would have relatively minor additional biologic 
impact. 

Several types of TNFR/antibody-based fusion proteins 
have been described and tested for efficacy in murine LPS- 
induced mortality models (38, 39). These TNF antagonists 
include the molecule employed in the present study, com- 
posed of the extracellular portion of the p80 cell-surface 
receptor linked to the Fc region of human IgG 1, as well as 
molecules consisting of fusions between the extracellular 
portion of the p60 TNFR combined with the Fc region of 
either human IgGl (38) or human IgG3 (39). The dose of 
p60 sTNFR:Fc (4 to 20 u.g) (38, 39) and the dose of p80 
sTNFR:Fc (10 to 100 fig) (Fig. 3) required to demonstrate 
efficacy are similar. However, efficacy of the different con- 
structs was influenced substantially by the timing of ad- 
ministration relative to lethal LPS injection. The p80 
sTNFR:Fc (human IgGl) construct was efficacious when 
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FIGURE 12. Administration of low 
closes of sTNFR:Fc is not detrimental to 
the host. BALB/c mice received an 
LD„o dose of LPS (300 ug) premixed 
with low doses of sTNFR:Fc or human 
IgC. Survival was monitored at least 
once a day for 5 days. 




70- 
> 60- 
£ 50- 

3 «■ 

5 s 30- 
20- 
10 



TNFR:Fc (10 ug) N-10 
TNFR:Fc (1 ug) N=10 
• TNFRiFc (0.1 ug)N-10 
■ TNFRrFc (0.01 ug) N«5 
- LPS ONLY 



6 POST LPS INJECTION (HRS) 



an IgG (10 ug) N-18 
an IgG (1 ug)N-10 
anlgG (0.1 ug) N-10 
an IgG (0.01 ug) N-10 
- LPS ONLY 



TIME POST LPS INJECTION (HRS) 



administered as late as 3 h after LPS administration {Fig. 
5). However, a sTNFR:Fc fusion protein consisting of the 
p60 sTNFR coupled to human IgGl was effective only if 
administered within 1 h after lethal LPS injection (38). In 
contrast, preliminary reports utilizing the p60 sTNFR cou- 
pled with human IgG3 indicated that partial benefits were 
obtained as late as 3 h after LPS injection (39). Thus, sig- 
nificant differences exist between the published abilities of 
different sTNFR:Fc fusion proteins to function after LPS 
administration, and these differences do not appear to cor- 
relate with either the particular sTNFR (i.e., p60 or p80) or 
with the subclass of human IgG utilized for the fusion pro- 
tein. 

The relationship between serum TNF activity and effi- 
cacy of the sTNFR:Fc molecule had not been established 
before the present study. Given the ability of sTNFR:Fc to 
function effectively when administered as late as 3 h after 
LPS injection (Fig. 5), it was somewhat surprising to ob- 
serve that the vast majority of detectable serum TNF ac- 
tivity had already passed by 3 h (Fig. 6). A number of 
hypotheses, which are not necessarily mutually exclusive, 
may explain these results. First, the length of time that TNF 
must be bound to its cell surface receptor prior to the in- 
duction of an irreversible biological effect such as cell lysis 
is unknown. However, studies by Engelberts et al. (40) sug- 
gest that TNF must be present for extended periods of time 
to achieve maximal biologic activity in vitro. Thus, 
sTNFR:Fc may be able to compete for TNF which has 



already bound to the cell surface and, in effect, dislodge it 
before the interaction has occurred for a time sufficient to 
result in complete biologic signaling. In this regard, the rate 
of dissociation of radiolabeled TNF from its cell surface 
receptor in vitro is increased in the presence of either un- 
labeled TNF (41) or the dimeric sTNFR:Fc (C. Smith, un- 
published results). Second, LPS-induced mortality may re- 
sult from the cumulative effect of TNF. Thus, inhibition of 
the small amount of TNF present late in the time course 
might be sufficient to prevent mortality. Third, the thera- 
peutic potential of the sTNFR:Fc molecule may not be re- 
lated solely to the removal of serum TNF activity. The 
sTNFR:Fc molecule could function by inhibiting TNF ac- 
tivity in extravascular sites. Finally, LPS-induced toxicity 
may be mediated at least in part by TNF expressed on the 
cell surface, which may be masked in the presence of 
sTNFR:Fc. Regardless of the mechanism of efficacy of the 
sTNFRrFc molecule, there is a relatively small window of 
time, 3 to 4 h after LPS injection, during which serum TNF 
levels are low and administration of the sTNFR:Fc mole- 
cule is still efficacious. These results also suggest that se- 
rum TNF levels may not always be a good prognostic in- 
dicator for the clinical efficacy of the sTNFR:Fc molecule. 

Soluble TNF-binding proteins have been recovered from 
the urine of normal humans (42, 43) and appear at elevated 
levels in the serum of cancer patients <44, 45) and in re- 
sponse to endotoxin challenge (46). The biologic role of 
these TNF-binding proteins is currently under investiga- 
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tion. Previous investigators have demonstrated that TNF 
spontaneously loses activity in vitro and, under some cir- 
cumstances, soluble p60 and P 80 TNFR can prevent its 
spontaneous degradation, thereby enhancing the biological 
longevity of TNF (47). Our experiments demonstrated that 
a sTNFR monomer can function as an agonist of serum 
TNF activity in vivo and a sTNFR:Fc molecule could act 
either as an agonist or antagonist of serum TNF levels in 
a dose dependent fashion. Thus, the biologic effect of the 
soluble TNF-binding proteins isolated from humans will 
probably vary depending upon the relative concentration of 
TNF and sTNFR. This concept is supported by recent data 
of Girardin et al. (48), demonstrating increased concentra- 
tions of both TNF and soluble TNFR in the serum of septic 
patients. In that study, higher ratios of soluble TNFR to TNF 
correlated with increased probability of survival. 

These experiments indicate that the sTNFR:Fc molecule 
is an effective antagonist of LPS-induced septic shock and 
are in agreement with a number of studies that have shown 
the beneficial effects of antagonizing TNF activity in sepsis 
with either antibody (1-3) or soluble receptors (38, 39). In 
aggregate these results indicate that TNF plays a central 
role in mediating the lethality associated with sepsis. How- 
ever, several lines of evidence suggest that the role of cy- 
tokines in sepsis is not yet fully understood. First, antag- 
onism of several cytokines other than TNF (e.g., IFN-7 and 
IL-1) can also lead to beneficial results (49, 50). Second, 
anti-TNF antibodies have been reported to have variable 
therapeutic potential in models of endotoxemia, cecal li- 
gation and puncture and bacterial sepsis (51-53). Further 
experimentation will be required to determine whether or 
not the sTNFR:Fc molecule also displays the same spec- 
trum of efficacy. However, the results presented here sug- 
gest that the sTNFR:Fc molecule may be a useful thera- 
peutic agent for sepsis and other inflammatory diseases. 

Acknowledgments 

The authors wish to thank Drs. Steven Gillis, Paul Baker, Mary Kennedy, 
and Jan Agosti for critically reviewing the manuscript; Lauretta Clark and 
Jan Shriner for technical assistance; Rick Raunio and Lori Peterson for 
production of the anti-TNFR mAb; and Linda Troup for assistance with 
the preparation of the manuscript 

References 

1. Beutler, B., I. W. Milsark, and A. C. Cerami. 1985. Passive 
immunization against cachectin/tumor necrosis factor pro- 
tects mice from lethal effect of endotoxin. Science 229:869. 

2. Tracey, K. J., Y. Fong, D. G. Hesse, K. R. Manogue, A. T. Lee, 
G. C. Kuo, S. F. Lowry, and A. Cerami. 1987. Anti-cachectin/ 
TNF monoclonal antibodies prevent septic shock during le- 
thal bacteraemia. Nature 330:662. 

3. Opal, S. M., A. S. Cross, J. C. Sadoff, H. H. Collins, N. M. 
Kelly, G. H. Victor, J. E. Palardy, and M. W. Bodmer. 1991. 
Efficacy of antilipopolysacchari.de and anti-tumor necrosis 
factor monoclonal antibodies in a neutropenic rat model of 



Pseudomonas sepsis. J. Clin. Invest. 88:885. 

4. Waage, A., A. Halstensen, and T. Espevik. 1987. Association 
between tumour necrosis factor in serum and fatal outcome 
in patients with meningococcal disease. Lancet 1:355. 

5. Girardin, E., G. E. Grau, J.-M. Dayer, P. Roux-Lombard, the 
J5 Study Group, and P.-H. Lambert. 1988. Tumor necrosis 
factor and interleukin-1 in the serum of children with severe 
infectious purpura. N. Engl. J. Med 319:397. 

6 Calandra, T., J.-D. Baumgartner, G. E. Grau, M.-M. Wu, P.-H. 
Lambert, J. Schellekens, J. Verhoef, M. P. Glauser, and the 
Swiss-Dutch J5 Immunoglobulin Study Group. 1990. Prog- 
nostic values of tumor necrosis factor/cachectin, 
interleukin-1, interferon-a, and interferon-? in the serum of 
patients with septic shock. J. Infect. Dis. 161:982. 

7. Clouse, K. A., D. Powell, I. Washington, G. Poli, K. Strebel, 
W. Farrar, P. Barstad, J. Kovacs, A. S. Fauci, and T. M. Folks. 
1989. Monokine regulation of human immunodeficiency 
virus-1 expression in a chronically infected human T cell 
clone. J. Immunol. 142:431. 

8. Folks, T. M., K. A. Clouse, J. Justement, A. Rabson, E. Dull, 
J. H. Kehrl, and A. S. Fauci. 1989. Tumor necrosis factor a 
induces expression of human immunodeficiency virus in a 
chronically infected T-cell clone. Proc. Natl. Acad. Sci. USA 
86:2365. 

9. Butera, S. T., V. L. Perez, B.-Y. Wu, G. J. Nabel, and T. M. 
Folks. 1991. Oscillation of the human immunodeficiency vi- 
rus surface receptor is regulated by the state of viral activation 
in a CD4 + cell model of chronic infection. J. Virol. 65:4645. 

10. Piguet,P.-F.,G.E.Grau,B.Allet,andP.Vassalli. 1987.Tumor 
necrosis factor/cachectin is an effector of skin and gut lesions 
of the acute phase of graft- vs-host disease. J. Exp. Med 1 66: 
1280. 

11. Hofman, F. M., D. R. Hinton, K. Johnson, and J. E. Merrill. 
1989. Tumor necrosis factor identified in multiple sclerosis 
brain. J. Exp. Med 170:607. 

12. Piguet, P. F., M. A. Collart, G. E. Grau, Y. Kapanci, and P. 
Vassalli. 1989. Tumor necrosis factor/cachectin plays a key 
role in bleomycin-induced pneumopathy and fibrosis. J. Exp. 
Med. 170:655. 

13. KefTer, J., L. Probert, H. Cazlaris, S. Georgopoulos, E. 
Kaslaris, D. Kioussis, and G. Kollias. 1991 . Transgenic mice 
expressing human tumour necrosis factor: a predictive ge- 
netic model of arthritis. EMBO J. 10:4025. 

14. Osawa, H., O. Josimovic-Alasevic, and T. Diamantstein. 
1 986. lnterleukin-2 receptors are released by cells in vitro and 
in vivo. I. Detection of soluble IL-1 receptors in cell culture 
supernatants and in the serum of mice by an immunoradio- 
metric assay. Eur. J. Immunol. 16:467. 

15. Novick, D., H. Engelmann, D. Wallach, and M. Rubinstein. 

1 989. Soluble cytokine receptors are present in normal human 
urine. J. Exp. Med 170:1409. 

16. Fernandez-Botran,R.,andE.S.Vuetta. 1990. A soluble, high- 
affinity, interleukin-4-binding protein is present in the bio- 
logical fluids of mice. Proc. Natl. Acad. Sci. USA 87:4202. 

17. Fanslow, W. C. K. Clifford, T. VandenBos, A. Teel, R. J. 
Armitage, M. P. Beckmann. 1990. A soluble form of the in- 
terleukin 4 receptor in biological fluids. Cytokine 2:398. 

18. Smith, C. A., T. Davis, D. Anderson, L. Solam, M. P. Beck- 
mann, R. Jerzy, S. K. Dower, D. Cosman, and R. G. Goodwin. 

1 990. A receptor for tumor necrosis factor defines an unusual 
family of cellular and viral proteins. Science 248:1019. 



1560 



SOLUBLE TNF RECEPTORS IN SEPTIC SHOCK 



19. Smith, C. A., T. Davis, J. M. Wignall, W. S. Din, T. Farrah, 
C. Upton, G. McFadden, and R. G. Goodwin. 1991. T2 open 
reading frame from the shope fibroma virus encodes a soluble 
form of the TNF receptor. Biochem. Biophys. Res. Commun. 
176:335. 

20. Spriggs, M. K., D. E. Hruby, C. R. Maliszewski, D. J. Pickup, 
J. E. Sims, R. M. L. Buller, and J. VanSlyke. 1992. Vaccinia 
and cowpox viruses encode a novel secreted interleukin- 1- 
binding protein. Cell 71:145. 

21. Fernandez-Botran, R., and E. S. Vitetta. 1991. Evidence that 
natural murine soluble interleukin 4 receptors may act as 
transport proteins. J. Exp. Med. 174:673. 

22. Fernandez-Botran, R. 1991. Soluble cytokine receptors: their 
role in immunoregulation. FASEB J. 5:2567. 

23. Fanslow, W. G, J. E. Sims, H. Sassenfeld, P. J. Morrissey, S. 
Gillis, S. K. Dower, and M B. Widmer. 1990. Regulation of 
alloreactivity in vivo by a soluble form of the interleukin- 1 
receptor. Science 248:739. 

24. Fanslow, W. C, K. N. Clifford, L. S. Park, A. S. Rubin, R. 
F. Voice, M. P. Beckmann, and M. B. Widmer. 1991. Reg- 
ulation of alloreactivity in vivo by IL-4 and the soluble IL-4 
receptor. J. Immunol. 147:535. 

25. Schoenfeld, H.-J., B. Poeschl, J. R. Frey, H. Loetscher, W. 
Hunziker, A. Lustig, and M. Zulauf. 1991. Efficient purifi- 
cation of recombinant human tumor necrosis factor B from 
Escherichia coli yields biologically active protein with a tri- 
meric structure that binds to both tumor necrosis factor re- 
ceptors. J. Biol Chem. 266:3863. 

26. Loetscher, H., R. Genu, M. Zulauf, A. Lustig, H. Tabuchi, 
E.-J. Schlaeger, M. Brockhaus, H. Gallati, M. Manneberh, 
and W. Lesslauer. 1 99 1 . Recombinant 55-kDa tumor necrosis 
factor (TNF) receptor, stoichiometry of binding to TNFa and 
TNFB and inhibition of TNF activity. J. Biol. Chem. 266: 
18324. 

27. Engelmann, H., H. Holtmann, C. Brakebusch, Y. S. Avni, I. 
Sarov, Y. Nophar, E. Hadas, O. Leitner, and D. Wallach. 1990. 
Antibodies to a soluble form of a tumor necrosis factor (TNF) 
receptor have TNF-like activity. /. Biol. Chem. 265:14497. 

28. Dower, S. K., K. Ozato. and D. M. Segal. 1984. The inter- 
action of monoclonal antibodies with MHC class I antigens 
on mouse spleen cells. I. Analysis of the mechanism of bind- 
ing. J. Immunol. 132:751. 

29. Peppel, K., D. Crawford, and B. Beutler. 1991. A tumor ne- 
crosis factor (TNF) receptor-lgG heavy chain chimeric pro- 
tein as a bivalent antagonist of TNF activity. /. Exp. Med. 
174:1483. 

30. Ware, C. F., P. D. Crowe, T. L. Vanarsdale, J. L. Andrews, M. 
H. Grayson, R. Jerzy, C. A. Smith, and R. G. Goodwin. 1991. 
Tumor necrosis factor (TNF) receptor expression in T lym- 
phocytes: differential regulation of the type I TNF receptor 
during activation of resting and effector T cells. J. Immunol. 
147:4229. 

31. Park, L. S., D. J. Friend, A. E. Schmierer, S. K. Dower, and 
A. E. Namen. 1990. Murine Interleukin 7 (IL-7) receptor: 
characterization on an IL-7-dependent cell line. J. Exp. Med. 
171:1073. 

32. Flick, D. A., and G. E. Gifford. 1984. Comparison of in vitro 
cell cytotoxic assays for tumor necrosis factor. J. Immunol. 
Methods 68:167. 

33. Mohler, K. M., and L. D. Butler. 1991. Quantitation of cy- 
tokine mRNA levels utilizing the reverse transcriptase- 
polymerase chain reaction following primary antigen- 



specific sensitization in vivo. I. Verification of linearity, 
reproducibility and specificity. Mol. Immunol. 28:437. 

34. Henricson, B. E., W. R. Benjamin, and S. N. Vogel. 1990. 
Differential cytokine induction by doses of lipopolysaccha- 
ride and monophosphoryl lipid A that result in equivalent 
early endotoxin tolerance. Infect. Immunity 58:2429. 

35. Libert, C, S. Van Bladel, P. Brouckaert, and W. Fiers. 1991. 
The influence of modulating substances on tumor necrosis 
factor and interleukin-6 levels after injection of murine tumor 
necrosis factor or lipopoly saccharide in mice. J. Immunother. 
10:227. 

36. Zanetti, G., D. Heumann, J. Gerain, J. Kohler, P. Abbett, C. 
Barras, R. Lucas, M.-P. Glauser, and J.-D. Baumgartner. 
1992. Cytokine production after intravenous or peritoneal 
Gram-negative bacterial challenge in mice: comparative pro- 
tective efficacy of antibodies to tumor necrosis factor-o and 
to lipopolysaccharide. J. Immunol. 148:1890. 

37. Jacobs, C. A., M. P. Beckmann, K. Mohler, C. R. Malisze- 
wski, W. C. Fanslow, and D. H. Lynch. 1992. Pharmacoki- 
netic parameters and biodistribution of soluble cytokine re- 
ceptors. Int. Rev. Exp. Pathol. 34B:123. 

38. Ashkenazi, A., S. A. Marsters, D. J. Capon, S. M. Chamow, 
I. S. Figari, D. Pennica, D. V. Goeddel, M. A. Palladino, and 
D. H. Smith. 1991. Protection against endotoxic shock by a 
tumor necrosis factor receptor immunoadhesin. Proc. Natl. 
Acad. Sci. USA 88:10535. 

39. Lesslauer, W., H. Tabuchi, R. Genu, M. Brockhaus, E. J. 
Schlaeger, G. Grau, P. F. Piguet, P. Pointaire, P. Vassalli, and 
H. Loetscher. 1991. Recombinant soluble tumor necrosis fac- 
tor receptor proteins protect mice from lipopolysaccharide- 
induced lethality. Eur. J. Immunol. 21:2883. 

40. Engelberts, I., A. Moller, J. F. M. Leeuwenberg, C. J. Van Der 
Linden, and W. A. Buurman. 1992. Administration of tumor 
necrosis factor a (TNFa) inhibitors after exposure to TNFa 
prevents development of the maximal biological effect: an 
argument for clinical treatment with TNFa inhibitors. J.Surg. 
Res. 53:510. 

41. Petersen, C. M., A. Nykjaer, B. S. Christiansen, L. Heick- 
endorff, S. C. Mogensen, and B. Moller. 1989. Bioactive hu- 
man recombinant tumor necrosis factor-a: an unstable dimer? 
Eur. J. Immunol. 19:1887. 

42. Engelmann, H., D. Aderka, M. Rubinstein, D. Rotman, and 
D. Wallach. 1989. A tumor necrosis factor-binding protein 
purified to homogeneity from human urine protects cells from 
tumor necrosis factor toxicity. J. Biol. Chem. 264:11974. 

43. Seckinger, P., S. Isaaz, and J.-M. Dayer. 1989. Purification 
and biologic characterization of a specific tumor necrosis fac- 
tor a inhibitor. J. Biol. Chem. 264:11966. 

44 Gatanaga, T„ R. Lentz, I. Masunaka, J. Tomich, E. W. B. 
Jeffes III, M. Baird, and G. A. Granger. 1990. Identification 
of TNF-LT blocking factors) in the serum and ultrafiltrates 
of human cancer patients. Lymphokine Res. 9:225. 

45. Gatanaga, T., C. Hwang, W. Kohr, F. Cappuccini, J. A. Lucci 
III, E. W. B. Jeffes, R. Lentz, J. Tomich, R. S. Yamamoto, and 
G. A. Granger. 1990. Purification and characterization of an 
inhibitor (soluble tumor necrosis factor receptor) for tumor 
necrosis factor and lymphotoxin obtained from the serum ul- 
trafiltrates of human cancer patients. Proc. Natl. Acad. Sci. 
USA 87:8781. 

46. Van Zee, K. E, T. Kohno, E. Fischer, C. S. Rock, L. L. Mold- 
awer, and S. F. Lowry. 1992. Tumor necrosis factor soluble 



Journal of Immunology 



1S61 



receptors circulate during experimental and clinical inflam- 
mation and can protect against excessive tumor necrosis fac- 
tor a in vitro and in vivo. Proc. Natl. Acad. Sci. USA 89:4845. 

47. Aderka, D., H. Engelmann, Y. Maor, C. Brakebusch, and D. 
Wallach. 1992. Stabilization of the bioactivity of tumor ne- 
crosis factor by its soluble receptors. J. Exp. Med. 175:323. 

48. Girardin, E., P. Roux-Lombard, G. E. Grau, P. Suter, H. Gal- 
lati. The J5 Study Group, and J.-M. Dayer. 1992. Imbalance 
between tumour necrosis factor-alpha and soluble TNF re- 
ceptor concentrations in severe meningococcaemia. Immu- 
nology 76:20. 

49. Heinzel, F. P. 1990. The role of IFN-7 in the pathology of 
experimental endotoxemia. J. Immunol. 145:2920. 

50. Ohlsson, K., P. Bjork, M. Bergenfeldt, R. Hageman, and R. 



C. Thompson. 1990. Interleukin-1 receptor antagonist re- 
duces mortality from endotoxin shock. Nature 348:550. 

51. Echtenacher, B., W. Falk, D. N. Mannel, and P. H. Kramer. 
1990. Requirement of endogenous tumor necrosis factor/ 
cachectin for recovery from experimental peritonitis. J. Im- 
munol. 145:3762. 

52. Eskandari, M. KL, G. Bolgos, C. Miller, D. T. Nguyen, L. E. 
DeForge, and D. G. Remick. 1992. Anti-tumor necrosis factor 
antibody therapy fails to prevent lethality after cecal ligation 
and puncture or endotoxemia. J. Immunol. 148:2724. 

53. Silva, A. T., K. F. Bayston, and J. Cohen. 1990. Prophylactic 
and therapeutic effects of a monoclonal antibody to tumor 
necrosis factor-a in experimental Gram-negative shock. In- 
fect. Dis. 162:421. 



EXHIBIT D 



HYBRIDOMA 

Volume 6, Number 5, 1987 

Mary Ann Liebert, Inc., Publishers 



Monoclonal Antibodies to Human Tumor 
Necrosis Factors Alpha and Beta: Application 
for Affinity Purification, Immunoassays, 
and as Structural Probes 



TIMOTHY S. BRINGMAN and BHARAT B. AGGARWAL 

Department of Molecular fmmunologv, Geneniech. Inc.. 460 Point San Bruno Boulevard, 
South San Francisco, CA 94080 



ABSTRACT 

Monoclonal antibodies were produced against two structurally related tumor 
necrosis factors (TNFs), TNF -o (previously called tumor necrosis factor) and 
TNF-e (previously called lymphotoxin) . The potential of these antibodies for 
the purification of TNFs, the development of specific immunoassays, and for 
defining the antigenic and functional domains of these cytokines was 
investigated. None of the monoclonal antibodies cross-reacted with both TNF-a 
and TNF-B, or reacted with synthetic peptides which represented several of the 
regions of homology between these cytokines. Neutralizing monoclonal 
antibodies were utilized as immunoadsorbents to purify recombinant TNF-a and 
TNF-p from E. coli lysates. TNFs purified by this method were greater than 98 
percent pure by~sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
exhibited specific activities that were the same as TNFs isolated from natural 
sources using conventional chromatographic techniques. In addition, specific 
EL ISA assays were developed that could detect less than 1 ng/ml of TNF-a or 
TNF-e, and in contrast to bioassays, could discriminate between these related 
cytokines. 



INTRODUCTION 

Tumor necrosis factor (TNF) and lymphotoxin (LT) were originally described 
as activities that were cytostatic or cytotoxic for a number of tumor cell 
lines in vitro, but had no apparent harmful effects on normal cells in culture 
(1-8). — r hese two factors had similar biological activities and were initially 
distinguished from each other solely on the basis of cellular source and 
induction conditions. Tumor necrosis factor was described as an activity that 
could cause the necrosis of transplanted tumors in mice (1-4). It was first 
discovered in the serum of mice and rabbits after they had been injected with 
bacillus Calmette-Guerin and endotoxin (1,4). TNF activity was also fo'und in 
the media of activated mononuclear cell cultures (2-4), and was thought to be 
produced by macrophages (1-4). Lymphotoxin was the name given to a factor 
with anti-tumor cell activity that was found in the media of activated 
lymphocyte cultures (5-8). These factors were produced in very small amounts 
by normal cells, which made their purification and characterization 



489 



difficult. Recently, we have reported the purification of two cytotoxic 
factors derived from continuous tumor cell lines, TNF-a (previously called 
TNF) produced by a human promyelocytic leukemia cell line (HL60) and TNF-e 
(previously called LT), produced by a human B lymphoblastoid cell line (RPMI 
1788) (9-11). Most of the amino acid sequences of both molecules were 
determined (10,11 ) and were found to be different but related. Using this 
amino acid sequence information, recombinant DNA techniques were utilized to 
clone the cDNAs for TNF-a and TNF-e and to express biologically active 
molecules in E. col i (12,13). A comparison of the complete amino acid 
sequences of these two proteins shows that 28 percent of the residues are 
identical and 51 percent are homologous, representing conservative amino acid 
changes (11,13). In addition, both cytokines have been shown to bind to the 
same cell surface receptor (14), and their genes have been found to be closely 
linked on chromosome six (15). Furthermore, it has been shown that both TNF-a 
and TNF-e can cause necrosis of Meth A tumors in vivo (12,13), a property 
which was originally used to name TNF. Due to these structural and functional 
similarities, TNF and LT have been renamed TNF-a and TNF-B (16,17), a 
nomenclature analogous to that used for interferons. 

TNF-a and TNF-B cannot be distinguished on the basis of cytolytic activity 
in a standard L-929 cell lysis bioassay (1,6). In addition, the purification 
procedures used for TNF-a and TNF-B are complicated multi-column processes 
(9-11), making it cumbersome to purify TNFs from natural or recombinant 
sources. We, therefore, produced monoclonal antibodies against TNF-a and 
TNF-e in order to develop simple immunoaff inity purification procedures for 
these proteins, to discriminate between TNF-a and TNF-B by selective 
neutralization and quantitative immunoassays, and for use as structural probes 
to define the regions of the molecules responsible for their cytolytic 
activity. 

In this report, we describe the isolation of both neutralizing and 
non-neutralizing monoclonal antibodies to TNF-a and TNF-B. These antibodies 
were used to purify recombinant TNFs, yielding homogenous biologically active 
proteins. Various monoclonal and polyclonal antibodies were used to develop 
specific ELI SA assays that were about as sensitive as a standard L-929 
cytolytic assay (11) but were faster and could discriminate between TNF-a and 
TNF-B. Binding studies and neutralization assays showed that none of the 
monoclonal antibodies reacted with both TNF-a and TNF-B. In addition, none of 
the antibodies showed any reactivity with synthetic peptides which represented 
some of the regions of homology between these cytokines. Several 
non-neutralizing antibodies were identified which reacted with a synthetic 
peptide that represents the ami no-terminal region of TNF-B. These antibodies 
were also specific for a 171 amino acid form of TNF-B and did not react with a 
biologically active truncated form which lacks 23 N-terminal amino acids. 



MATERIALS AND METHODS 

Immunization Protocols 



BALB/c mice were immunized with a combination of natural human TNF-a, 
purified from HL-60 cell line supernatants (11) and E_. coli derived human 
recombinant TNF-a (13), purified using a similar protocol . Mice received an 
initial injection of natural TNF-a (1.7 v g) emulsified in CFA and administered 
IP and SC. The animals were then boosted SC and IM at seven-day intervals 
with TNF-a adsorbed onto alum (0.1 ml of A1(0H)3, 1.74 percent w/v in PBS), 
once with natural TNF-a (1.7 M g) and once with recombinant TNF-a (10 yg). 
Serum collected after the second boost was positive for neutralizing 
antibodies. Two weeks later, the animals were further boosted with 
recombinant TNF-a, 50 yg injected IV and 125 yg emulsified in IFA and injected 
SC. Nine weeks after the initial immunization and prior to fusion, the mouse 
which produced the highest titer of antibodies was injected with a large dose 
of recombinant TNF-a (1.4 mg) using a protocol that has been reported to 
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result in the production of high numbers of positive hybridomas (18) and yield 
high affinity antibodies (19). 

BALB/c mice were immunized with TNF-e purified from RPMI 1788 cell line 
supernatants (9). The immunization protocol used for TNF-e was significantly 
different from that used for TNF-a. Several attempts to immunize mice with 
TNF-B yielded low titer antibodies that failed to neutralize biological 
activity. In an attempt to enhance its immunogenicity, TNF-B was polymerized 
by treatment with glutaraldehyde (1 M) . Mice received an initial injection of 
polymerized TNF-B (poly-TNF-B) (50 yg) emulsified in I FA and administered SC. 
Twice, at seven-day intervals, the animals were boosted IM and IP with 
poly-TNF-B (100 yg) emulsified in I FA. Serum collected after the second boost 
was positive for antibodies by ELISA, but failed to neutralize biological 
activity. One week later, the mice were further boosted SC with poly-TNF-B 
(100 ug) adsorbed on alum and IV with untreated TNF-B (10 yg). Serum 
collected after the third boost was positive for neutralizing antibodies. 
Eight weeks after the initial immunization, the mouse that produced the 
highest titer antibodies was boosted IV with untreated TNF-B (15 ug) and its 
splenocytes were harvested for fusion four days later. 

Polyclonal antisera was obtained by immunizing NZW rabbits ID, at several 
sites, with recombinant TNF-a (1 mg) or TNF-B (1 mg) emulsified with CFA. At 
two-week intervals, the animals received booster injections SC, at several 
sites, with TNF-a (200 yg) or TNF-B (200 yg) emulsified with IFA. Ten days 
after booster injections, sera were collected and evaluated by ELISA and for 
neutralization of biological activity. The resulting pooled antisera had a 
neutralizing titer of approximately 900 x 10 J units and 45 x 10 J units of 
TNF-a and TNF-B neutralized per ml of serum, respectively. 

Fusion and Cell Culture 

Splenocytes were harvested from hyperimmune mice and were fused with 
NP3X63AG8.653 murine myeloma cells as previously described (20). The 
hybridomas were cultured in HAT medium (DMEM; glutamine, 2.9 g/1; 
2-mercaptoethanol , 50 ym; aminopterin, 10 ym; hypoxanthine, 100 ym; thymidine, 
31.4 ym supplemented with 10 percent NCTC 135 medium and 20 percent F8S), in 
five 96-well tissue culture plates which contained 2 x 10 4 BALB/c peritoneal 
macrophage feeder cells/well. The hybridomas were selected in HAT medium for 
fourteen days, and grown in HT medium (same as HAT but lacking aminopterin) 
thereafter. The cultures were screened by ELISA about fourteen days after 
fusion and positive cultures were cloned by limiting dilution in 96 well 
plates, using BALB/c thymocytes (10 6 /well) as feeder cells. 

ELISA Screening Assay 

Micro- ELISA plates (Dynatech Immulon II round bottom) were coated for 
16 hours at 4°C with purified recombinant TNF-a (170 ng/well) or recombinant 
TNF-B (100 ng/well) in 50 mM sodium carbonate buffer, pH 9.6. The unreacted 
protein binding sites on the wells were blocked by incubating for 30 minutes 
at 22°C with 1 percent gelatin (w/v) in 150 mM NaCl, 50 mM tris, 2 mM EDTA pH 

7.4 (TBS) (150 yl/well). The plates were then washed once with PBS containing 
0.05 percent Tween 20 (PBS-Tween). Hybridoma culture supernatants serially 
diluted with TBS containing 5 mg/ml BSA and 0.05 percent Tween 20 (sample 
buffer), were added to antigen coated wells and allowed to bind for 2 hours at 
22°C. After five rinses with PBS-Tween, horseradish peroxidase-conjugated 
goat anti-mouse IgG (Cappel) (100 yl/well) diluted 1:10,000 with sample buffer 
was added and allowed to bind for 1 hour at 22°C. The plates were rinsed five 
times with PBS-Tween and incubated 30 minutes at 22°C with 0.1 mg/ml 
o-phenylenediamine in 0.1 M phosphate-citrate buffer, pH 5.0 containing 0.012 
percent H 2 02 (100 yl/well). The reaction was stopped by the addition of 

2.5 N sulfuric acid (50 yl/well) and the absorbance of each well was 
determined using a Titertek Multiscan autoreader. The titers were expressed 
as the reciprocal of the dilution required to achieve 50 percent of the 
maximum absorbance at 492 nm. 
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Neutralization of TNF Cytotoxicity 



Supernatants derived from growing hybridomas or purified monoclonal 
antibodies were serially diluted with RPMI 1640, 50 U/ml penicillin, and 
50 pg/ml streptomycin supplemented with 10 percent FBS. These test samples 
were incubated with an equal volume of the same medium containing 
approximately 200 U TNF-o or TNF-e for 16 hours at 37°C. The samples were 
then assayed for lysis of murine L-929 cells (11). These incubation 
conditions did not significantly reduce TNF-a or TNF-e biological activity in 
the absence of added antibody. 

Monoclonal Antibody Isotyping 

The isotype of the various anti-TNF monoclonal antibodies was determined 
by ELISA. Micro EL ISA plates were coated for 16 hours at 4°C with 
isotype-specific rabbit antiserum (Miles) (100 ul/well diluted 1/1000 in 50 mM 
sodium carbonate buffer pH 9.6). Undiluted hybridoma culture supernatants 
were incubated in the coated wells for 2 hours at 22°C. The washing and 
further processing were done as described above for the ELISA screening assay. 

Screening of Monoclonal Antibodies for Use in Immunoaff ini ty Chromatography by 

icrer 1 ~ 

The binding of anti-TNF monoclonal antibodies to antigen under various pH 
conditions and chaotropic salt concentrations was measured by ELISA. Test 
antibodies were allowed to bind to TNF-a or TNF-e coated micro ELISA wells for 
two hours at 22°C. Thereafter, the wells were washed five times with PBS 
containing 0.05 percent Tween 20. The wells were then treated for 1 hour at 
22°C with either PBS, 0.15 M NaCl, 50 mM sodium acetate pH 4.0-7.0, 0.15 M 
NaCl, 50 mM sodium borate pH 7.5-11.0, 1.25 M KSCN, 20 mM tris pH 7.4; or 
3.5 M KSCN, 20 mM tris pH 7.4. The wells were then washed five times with 
Tween 20 and further processed as described above for the ELISA screening 
assay. The absorbance values of treated wells were compared with PBS control 
wells and any signal less than 50 percent of the PBS well was considered to be 
negative for binding. 

Purification of Monoclonal Antibodies 

Hybridoma cells were grown as ascites tumors in pristane primed BALB/c 
mice as previously described (21). Monoclonal antibodies were then purified 
from ascites fluid by DEAE Affigel Blue (BioRad) chromatography (22). 
Monoclonal antibodies were also purified from tissue culture supernatants 
using a similar procedure. Hybridoma cells were cultured in a modified low 
serum medium containing: high glucose DMEM/F12 (1:1); Hepes, 10 mM; 
B-mercaptoethanol, 50 uM; ethanolamine, 20 urn; glutamine, 2.9 g/1; insulin, 
5 mg/1 and supplemented with 2.5 percent FBS (23). Cells were grown to a 
density of about 10^ cells/ml in spinner flasks, the medium was harvested by 
filtration through a 3 pi filter (Pall) and concentrated 10-fold by 
ultrafiltration using a PM10 membrane (Amicon). The IgG fraction was isolated 
by precipitation with 50 percent saturated ammonium sulfate, and then dialyzed 
against 20 mM tris pH 7.2. Thereafter, the IgG was purified by DEAE Affigel 
Blue chromatography. Purified antibodies were concentrated about 10-fold by 
ultrafiltration using a PM10 membrane to a final concentration of about 10 
mg/ml. 

Preparation of Immunoadsorbent Sepharose 

Purified monoclonal antibodies were extensively dialyzed against PBS and 
adjusted to a final concentration of 2 mg/ml. Cyanogen bromide activated 
Sepharose 4B (Pharmacia) was soaked in 1 mM HC1 for 10 min and was then washed 
on a buchner funnel with 1 mM HC1 (200 ml per gram dry gel). The washed gel 
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was rinsed with 1 gel volume of PBS and was mixed with the solution of 
purified monoclonal antibody at a ratio of 1 ml packed gel/ml antibody 
solution. The gel was allowed to react for 16 hours at 4 C with gentle 
agitation. The unreacted groups on the gel were blocked by incubating with an 
equal volume of 0.9 M ethanolamine-HCl , pH 8.0, for 2 hours at 4 C. The gel 
was then washed first with 5 volumes of PBS, and then with 5 volumes of 0.15 M 
NaCl, 0.1 M acetic acid and then with 10^ volumes of 0.15 M NaCl, 0.05 M tris, 
2 mM EDTA and stored in this buffer at 4°C. 

Immunoaff inity Chromatography 

All purification steps were carried out at 4°C. Frozen recombinant 
E. coli cells containing TNF-a or TNF-8 expression plasmids (12,13) were 
suspeTTJed in 10 volumes of lysis buffer (0.2 M NaCl, 0.1 M tris, 50 mM EDTA pH 
7.5) and then sonicated at full power for 10 min. at 50 percent duty cycle 
using a Branson W-375 sonicator. The extract was clarified by the addition of 
polyethyleneimine (pH 8.0) to a final concentration of 0.5 percent (w/v) and 
then centrifuged at 1100 x g for 15 min. The pellet was discarded, and solid 
ammonium sulfate was added to the supernatant to 50 percent saturation (TNF-a) 
or 40 percent saturation (TNF-e). After incubation for 16 hours at 4 C, the 
precipitate was collected by centrif ugation at 10,000 x g for 15 min. The 
resulting pe llet was dissolved in 1 volume (1 ml/gr. cells) of 0.1 M tris, 5 
mM EDTA pH 7.5; and filtered using a 0.45 pm millipore membrane filter. This 
sample was then loaded onto an immunoadsorbent column pre-equilibrated with 
TBS at a flow rate of 9.5 cm/hour. After washing the column with 10 volumes 
of TBS containing 0.05 percent Tween 20 and then with 1 volume TBS at a flow 
rate of 19 cm/hour, the TNFs were eluted with 0.15 M NaCl, 0.1 M sodium 
acetate pH 4.5 at a flow rate of 9.5 cm/hour. Fractions were collected into 
one-tenth volume of 1 M tris pH 8.5 to adjust the pH of the eluate to about 
7.8. The columns were washed with about 10 volumes TBS prior to reuse. 

Double Sandwich ELISA for TNF-a and TNF-6 

Micro- ELI SA wells (NUNC) were coated for 16 hours at 4°C with purified 
anti-TNF-a 1B2-G3 (100 ng/well) or anti-TNF-B 1G11-E4 (200 ng/well) diluted in 
PBS. Thereafter, the wells were washed once with PBS-Tween and samples, 
serially diluted with sample buffer, were added and incubated for 2 hours at 
22°C. The wells were then washed 5 times with PBS-Tween and incubated for 2 
hours at 22"C with rabbit anti-TNF-a or anti-TNF-B (100 pi), diluted with 
sample buffer 1:1600 and 1:10,000, respectively. The.wells were again washed 
5 times with PBS-Tween and incubated for 1 hour at 22 C with goat anti-rabbit 
HRP conjugate (Cappel) (100 pi), diluted 1:10,000 with sample buffer. The 
wells were then washed 5 times and incubated for 30 min. with 0.2 mg/ml 
o-phenylenedi amine in 0.1 M phosphate/citrate pH 5.0 containing 0.012 percent 
H2O2 (100 pi). The reaction was stopped by the addition of 
2.5 N H2SO4 (50 pl/well) and OD492 was measured using a Titertek 
Multiscan autoreader interfaced with an HP computer with Titercalc K 
software. Both assays had useful ranges of 0.4-25 ng TNF/ml and their 
specificity was demonstrated by the lack of a signal generated by 30 pg/ml of 
TNF-a in the TNF-B ELISA or by 30 pg/ml of TNF-B in the TNF-a ELISA. 

Gel Electrophoresis and Immunoblots 

Sodium dodecyl sulf ate-polyacryl amide gel electrophoresis (SDS-PAGE) was 
performed as described by Laemmli (24). Gels were stained with 0.15 percent 
Coomassie Blue R250 (w/v) in 25 percent isopropanol (v/v), 10 percent acetic 
acid (v/v), and destained with 10 percent methanol (v/v), 10 percent acetic 
acid (v/v). To determine purity, gels were analyzed using a scanning laser 
densitometer (LKB). The binding of antibodies to TNFs separated by SOS-PAGE 
was assessed by the immunoblot technique. Recombinant TNF-a (2 pg) or 18 kDa 
TNF-B (2 pg) were subjected to electrophoresis on 15 percent acryl amide 
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SDS-PAGE gels and transferred to nitrocellulose as previously- described (25). 
The reactive sites on the nitrocellulose were blocked by incubating for 30 min 
with 3 percent gelatin (w/v) in TBS. Test monoclonal antibodies were diluted 
in 10 yg/ml in 1 percent gelatin (w/v) in TBS and incubated with the 
nitrocellulose strips for 16 hours at 22°C. The strips were then washed for 
15 min each with three changes of PBS-Tween. Bound monoclonal antibodies were 
detected by incubating for 4 hours with HRP-conjugated anti-murine IgG 
(Cappel) diluted 1:1000 in 1 percent gelatin. The strips were washed as above 
and incubated 15 min with 4-chloro-l napthol (0.6 mg/ml in 20 percent 
methanol, 80 percent TBS containing 0.018 percent H2O2), rinsed with water 
and air dried. 

Protein Determinations 

Protein determinations were performed by the dye binding method of 
Bradford (26) using bovine IgG as a standard. The protein concentration was 
also determined by absorbance using the extinction coefficients for pure 
recombinant TNF-a and 18 kDa recombinant TNF-B of eLojg/nil = 1« 6 and 
e yg/ml = 1.68, respectively. 

125 I-Labeling of TNFs 

Highly purified preparations of natural and recombinant TNF-p were 
iodinated by the chloramine T oxidation method to a specific activity of 
70 uci/yg (27,28). Recombinant TNF-a was iodinated using the Bolton-Hunter 
reagent to a specific activity of 25 uci/yg (29). 

Epitope Mapping of Monoclonal Anti-TNF-a Antibodies 

Micro EL ISA wells (Dynatech removawell) were coated for 16 hours at 4°C 
with purified anti-TNF-a monoclonal antibodies (200 ng/well) diluted in PBS. 
The unreacted protein binding sites were blocked by incubating the wells for 
30 min with 1 percent gelatin in TBS (150 ul). 125 I-TNF-a (-10,000 cpm) was 
incubated with a panel of monoclonal antibodies in uncoated microwells for 16 
hours at 22°C. Test antibodies that were preincubated with 125 I TNF-a were 
then incubated for 2 hours at 22°C with antibody coated wells. The wells were 
washed five times with PBS-Tween and the radioactivity bound to each well was 
measured with a gamma counter. 

TNF-a Monoclonal Antibodies Affinity Determination 

The affinity of anti-TNF-a monoclonal antibodies was estimated by the 
method of Muller (30). The radioimmunoassay was performed as follows: The 
antibodies were diluted in 0.6 ml of TBS, 2 mg/ml gelatin. 0.2 ml 125 I-TNF 
(-10,000 cpm), diluted in TBS, 2 mg/ml gelatin containing 1 percent normal 
mouse serum, was added and allowed to incubate for 5 hours at 22 C. Goat 
anti-mouse IgG, diluted in PBS containing 5 percent PEG 8000 (w/v) was added 
and incubated for 1 hour at 22°C. The tubes were centrifuged at 2500 x g for 
30 min, decanted, and the pellets were counted in a gamma counter. 

Synthetic Peptides 

Peptides were synthesized using a solid phase method as previously 
described (31). 
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RESULTS 



Production of Monoclonal Antibodies 

Initial attempts to immunize mice with small amounts of purified natural 
TNF-a in Freund's adjuvant alone yielded low titers of antibody in both ELISA 
and neutralization assays. However, boosting these animals with TNF-a 
adsorbed onto alum resulted in a large increase in both the serum ELISA and 
neutralization titers. A combination of alum and Freund's adjuvant boosts 
produced an even higher serum titer of neutralizing antibodies. For four days 
prior to fusion, a hyperimmune mouse was boosted daily with recombinant 
TNF-a. This immunization protocol has been shown to yield large numbers of 
hybridomas secreting high affinity antibodies (18,19). Splenocytes from this 
animal were fused with myeloma cells as described in "Materials and Methods". 
The resulting hybridomas were screened for antibody production with 
recombinant TNF-a by ELISA, and by inhibition of cytolytic activity. 
Approximately fifty positive cultures were identified and after cloning by 
limiting dilution, twelve anti-TNF-a clones were isolated and characterized 
(Table 1). 



TABLE 1 

Characteristics of Anti-TNF-a Monoclonal Antibodies* 



Epitope 










Affinity 


Binding 




Neutral- 


Antigen 




Group 


Clone 


izing 


Release Conditions 


Isotype 


L/mole 


I 


5E3-H3 (TNFB) 




pH 4, 3.5 M KSCN 


Kn 




II 


1A5-E5 (TNFF) 




None 


KyI 


ioio 


II 


1B2-G3 (TNFD) 




None 


Kyi 


II 


5A10-F2 




None 


Kyi 


5 x 10 9 
lO™ 


II 


2H10-F12 (TNFE) 




None 


Kyi 


III 


3C4-F7 




pH 4, 1.25 M KSCN, 
3.5 M KSCN 


K V 


N.D. b 


IV 


2G3-G6 




1.25 M KSCN, 3.5 M KSCN 


Kyi 


N.D. 


IV 


5G2-G5 




1.25 M KSCN, 3.5 M KSCN 


KyI 


N.D. 


V 


3F10-H4 (TNFG) 




pH 4, 1.25 M KSCN, 
3.5 M KSCN 


Kyi 


N.D. 


N.T. a 


1E2-G2 (TNFA) 




pH 4, 1.25 M KSCN, 


KyI 


N.D. 






3.5 M KSCN 






N.T. 


1G2-A2 (TNFC) 




None 


Kyi 


N.D. 


N.T. 


2B6-G5 




pH 4, 1.25 M KSCN, 
3.5 M KSCN 


KyI 


N.D. 



a N.T., not tested 

b N.D., not determined, preliminary analysis showed the affinity to be 
less than 10 9 L/mole 

* The procedures used to determine neutralizing ability, antigen 
release conditions, isotype and affinity are described in "Materials and 
Methods". 
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The immunization of several mice with natural TNF-e (25 kDa.form) in 
Freund's adjuvant resulted in the production of low titer antibodies that 
reacted in ELISA assays, but failed to neutralize TNF-e biological activity. 
Repeated boosting failed to elicit neutralizing antibodies. In an attempt to 
increase immunogenicity, TNF-e was polymerized by treatment with 
glutaraldehyde. Mice immunized with polymerized TNF-e in Freund's adjuvant 
produced antiserum against TNF-e with high titers detected by ELISA. However, 
these animals failed to produce neutralizing antibodies until they were 
further boosted with TNF-e adsorbed on alum. Splenocytes were isolated from a 
hyperimmune animal and fused with myeloma cells as described in "Materials and 
Methods". The resulting hybridomas were screened for antibody production with 
natural TNF-e (25 kDa species) by ELISA and for neutralization of biological 
activity. Approximately seventy positive cultures were identified, and after 
cloning by limiting dilution, thirteen ELISA positive clones were isolated and 
characterized (Table 2). 



TABLE 2 

Characteristics of Anti-TNF-e Monoclonal Antibodies* 



Epitope Binding to 

Binding Neutral- Antigen recombinant 

Group Clone izing Release Conditions Isotype 16 kDa TNF-e 



I 


2B8-G7 (LTA) 


+ pH 4, 1.25 M KSCN, 


K Yl 








3.5 M KSCN 




I 


1G11-E4 (LTB) 


+ pH 4, 3.5 M KSCN 






II 


1C4-G6 (LTC) 


3.5 M KSCN 


K n 




II 


1F12-G4 


3.5 M KSCN 


K Yl 




II 


2E10-H1 


3.5 M KSCN 


K Yl 




11 


2F12-F4 


3.5 M KSCN 


K Yl 




II 


2G2-F7 


3.5 M KSCN 


K.j 




II 


3B5-H5 


3.5 M KSCN 


K YJ 




II 


2A9-E8 


3.5 M KSCN 


K Yl 




III 


1 09- Ell (LTD) 


3.5 M KSCN 


K Y3 




III 


2D9-B1 


3.5 M KSCN 


Ky 




III 


4E12-H9 


3.5 M KSCN 


K Yl 




III 


4H8-G8 


3.5 M KSCN 







* The procedures used to determine neutralizing ability,, antigen release 
conditions, isotype and binding to 16 kDa TNF-e are described in 
"Materials and Methods". 



496 



Characterization of Monoclonal Antibodies 

Various monoclonal antibodies were tested for binding to TNF-a and TNF-e 
by EL ISA and for neutralization of cytolytic activity. Both natural and 
recombinant TNF-a exhibit an apparent molecular weight of 17 kDa on SDS-PAGE 
qels (11) In EL ISA assays, all of the anti-TNF-a monoclonal antibodies bound 
equally well to natural and recombinant TNF-a, but did not bind to recombinant 
murine TNF (32). The failure of monoclonal antibodies produced against human 
TNF-a to react with TNF from other species has been observed by others (33). 
Four different clones produced high affinity antibodies which ranged in 
affinity from 10 10 to 5 x 10 9 L/mole (Table 1). Most of the high affinity 
antibodies could bind to TNF-a at high and low pH and in the presence of 3.5 M 
KSCN (Table 1). Eight of the twelve monoclonal antibodies could completely 
neutralize TNF-a activity (Table 1). The best neutralizing monoclonal 
antibody, clone 1D9-E11, had a neutralization titer of 2700 units TNF-a 
neutral ized/pg of purified IgG. The neutralizing antibodies required an 
incubation of antigen and antibody for 1 hour at 37 C or 16 hours at 4 C to 
completely neutralize TNF-a cytolytic activity. None of the TNF-a specific 
monoclonal or polyclonal antibodies either neutralized or bound to TNF-e, even 
when tested at concentrations greater than one hundred times the amount 
required to show neutralization or binding to TNF-a. ., , u * 

In contrast to TNF-a, natural TNF-6, from mitogen stimulated lymphocytes 
or RPMI 1788 cells, is glycosylated and exists as 25 kDa and 20 kDa forms 
(9-10) The 20 kDa form is a truncated version of the 25 kDa TNF-e and lacks 
twenty-three amino acids from the amino terminus (10). When produced in 
E coli the 25 kDa and 20 kDa forms of TNF-e lack glycosylation and exhibit 
molecular weights of 18 kDa and 16 kDa, respectively on SDS-PAGE (12). 
Natural and recombinant forms of full length and truncated TNF-B are 
biologically active in cell lysis bioassays (10,12). All of the anti-TNF-e 
monoclonal antibodies bound to natural 25 kDa and recombinant 18 kDa TNF-e 
equally well in EL ISA assays, indicating that none of the antibodies produced 
were specific for a carbohydrate moiety. Seven of the thirteen monoclonal 
antibodies did not bind 16 kDa TNF-e, and were specific for the 18 kDa form, 
suqqestinq that these antibodies are specific for the amino terminus of TNF-e 
(Table 2)! Two clones were isolated that produced neutralizing antibodies 
(Table 2). These antibodies could neutralize the activity of the recombinant 
18 kDa as well as recombinant 16 kDa TNF-e. Monoclonal antibody, clone 
1G11-E4, had a neutralization titer of 550 units TNF-a neutralized/pg of 
purified IgG. Clone 2B8-G7 was substantially less, and could only neutralize 
about 40 percent of the TNF-e activity even when used at high concentrations. 
The neutralization of TNF-e cytotoxic activity was time and temperature 
dependent, and was maximal after an incubation for 16 hours at 37 C. Only a 
partial neutralization of biological activity was observed after incubation 
with TNF-e for 16 hours at 4°C or for 1 hour at 37 C even with an excess of 
antibody Anti-TNF-e monoclonal and polyclonal antibodies neither bound nor 
neutralized TNF-a, even when tested at concentrations greater than one hundred 
times the amount necessary to show binding or neutralization of TNF-e. 

Epitope Mapping of TNF-a and TNF-e Using Monoclonal Antibodies 

The number of distinct TNF-a antigenic epitopes, defined by the panel of 
monoclonal antibodies, was determined by ELI SA using an antibody competition 
method as described in "Materials and Methods". Five epitopes were _ 
identified, three of which reacted with neutralizing antibodies. Anti-TNF-a 
monoclonal antibodies were categorized into five groups based on their binding 
to these epitopes as shown in Table 1. Members of both groups I and II are 
neutralizing antibodies, and can bind simultaneously to TNF-a. Group III 
consists of one non-neutralizing antibody that partially inhibits the binding 
of neutralizing group I antibodies. Group IV consists of neutralizing 
antibodies that partially inhibit neutralizing group II antibodies. Finally, 
qroup V consists of one antibody that is non-neutralizing, does not affect 
group I or II binding and can react with denatured TNF-a on western blots. It 
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is interesting to note that all of the members of an epitope binding group 
have the same antigen release conditions (Table 1). These conditions are 
probably determined by the nature of the antigen-antibody interaction and may 
be similar for all antibodies binding to a given epitope. 

Radiolabeled TNF-b did not bind well to several anti-TNF-B monoclonal 
antibodies in radioimmunoassays or solid phase antibody binding experiments, 
although greater than 90 percent of the labeled TNF-B could be precipitated by 
polyclonal antibodies. The lack of binding, probably a result of damage or 
alteration of the antigen binding sites by the iodination reaction, or because 
the anti-TNF-B antibodies exhibited low affinity binding, precluded the same 
epitope binding analysis performed using anti-TNF-a monoclonal antibodies. It 
can be inferred, however, that the panel of anti-TNF-B monoclonal antibodies 
bind to at least 3 antigenic epitopes (Table 2). Group I consists of two 
neutralizing antibodies, group II, antibodies that react with 18 kOa TNF-B but 
not 16 kDa TNF-B, and group III, antibodies that react with both forms of 
TNF-B but fail to neutralize biological activity. 

Cross-Reactivity of Monoclonal Antibodies with Synthetic Peptides 

In an attempt to define the active sites of TNF-a and TNF-B and to 
precisely define their antigenic domains, we examined several synthetic 
peptides for their reactivity with anti-TNF monoclonal antibodies. The 
peptides correspond to some of the regions of homology between TNF-a and 
TNF-B, and one peptide corresponds to the amino terminal region of TNF-B which 
has been reported to be non-essential for cytolytic activity (11). The 
relationship of these peptides to TNF-a and TNF-B is shown in Figure 1. None 
of the monoclonal antibodies cross-reacted with any of the TNF-a peptides, 
residues 1-14, 1-30, 15-30 and 39-66 or with the TNF-B peptides, residues 
35-57, 82-94 and 139-155. A group of seven different antibodies cross-reacted 
with a TNF-B peptide, residues 7-19. All of these antibodies were 
non-neutralizing and were specific for recombinant 18 kDa TNF-B and did not 
bind to the recombinant 16 kDa form (Table 2), providing further evidence that 
the amino terminus of TNF-B is not involved in biological activity. 



TNF-a 

Synthetic isoi □ 
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FIGURE 1. Schematic Diagram of TNF-a and TNF-B Proteins Showing 
Homologous Regions and the Location of Synthetic Peptides. The TNF-a and 
TNF-B proteins are represented by the horizontal black bars and are 
numbered by amino acid starting from the amino terminal ends. The hatched 
region of TNF-6 represents the N-terminal 23 amino acids that are missing 
in the 20 kDa natural and 16 kDa recombinant molecules. The vertical 
lines between two bars represent homologous amino acids. Synthetic 
peptides are represented by open boxes and their position corresponds to 
the sequence as indicated. 



Characterization of Monoclonal Antibodies by Immunoblot 



Various monoclonal antibodies were examined for their binding to 
SDS-denatured TNFs using the immunoblot technique (25). A single TNF-a 
specific antibody and seven anti-TNF-e antibodies were identified that could 
bind to denatured recombinant TNF-a or TNF-b, respectively (Fig. 2). The 
anti-TNF-a antibody (3F10-H4) did not cross-react with any of the TNF-a 
synthetic peptides, was 'non-neutralizing and bound to a unique epitope of 
TNF-a that was not cross-reactive with any of the other TNF-a specific 
antibodies (Table 1). The anti-TNF-e antibodies all shared the same 
specificity. These antibodies were specific for the ami no-terminus of 
recombinant 18 kDa TNF-B (Table 2), cross-reacted with the TNF-B synthetic 
peptide, residues 7-19 and were non-neutralizing. These results indicate that 
many of the anti-TNF monoclonal antibodies, including all of the neutralizing 
antibodies, probably bind to discontinuous epitopes which are disrupted by 
treatment with SOS. Because these neutralizing antibodies recognize a precise 
conformation, it is unlikely that they can react with inactive TNFs. 



M r x10" 3 A 
94- 
67- 
43- 



30- 



FIGURE 2. TNF Immunoblots Probed with the Monoclonal Antibodies 
Recombinant TNF-a reacted with antibody 3F10-H4 (A). Recombinant 18 kDa 
TNF-S reacted with antibody 1C4-G6 (B) (All of the monoclonal antibodies 
that were specific for 18 kDa TNF-e gave results identical to 1C4-66). 
The positions of the TNF-a and TNF-B bands are shown by the arrows 
designated 17 and 18, respectively, which indicate the estimated molecular 
weight in daltons x 1CT 3 . 



Immunoaff inity Purification of TNF-a and TNF-B 

Two monoclonal antibodies, clone 5E3-H3 and clone 1G11-E4, were chosen for 
the immunoaff inity purification of TNF-a and TNF-B, respectively. Both 
antibodies were neutralizing, and their binding to antigen could be reversed 
using conditions that did not destroy the biological activities of TNF-a or 
TNF-B. As shown in Figure 3, 5E3-H3 antibodies exhibit reduced affinity for 
TNF-a below pH 4.5, whereas 1G11-E4 antibodies show reduced binding below pH 
6.0 or above pH 9.5. Immunoadsorbents were prepared by coupling purified 
monoclonal antibodies to cyanogen bromide activated Sepharose as described in 
"Materials and Methods". About 90 percent of the antibodies were bound to the 
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relative to the binding at pH 7.4 which represents 100 percent. 



gel and the immobilized antibodies retained 50 percent of their theoretical 
antigen binding capacity. 

The anti-TNF-a monoclonal antibody column provided a substantial 
purification of recombinant TNF-a in a single chromatographic step. A typical 
purification profile is shown in Figure 4(A). Prior to irnmunoaff inity 
chromatography, TNF-a was partially purified from E. coli cell lysates by 




FIGURE 4. Irnmunoaff inity Column Chromatographic Profiles for TNF-a (A) 

and TNF-e (B). A column of anti-TNF-a (antibody 5E3-H3) Sepharose (4.5 x 

1.6 cm) was loaded at a flow rate of 9.5 cm/hr with 0.5 ml of a 50 percent 

saturated ammonium sulfate fraction of an E. coli lysate containing 

recombinant TNF-a. The column was washed at a~7Tow rate of 19 cm/hr with 

TBS containing 0.05 percent Tween 20 (wash I) and then TBS alone (wash 

II). Bound TNF-a was eluted at a flow rate of 9.5 cm/hr with 0.15 M NaCl , 

50 mM Na acetate, pH 4.5, and 2 ml fractions were collected into 0.2 ml 1M 

tns, pH 8.5. A column of anti-TNF-e (antibody 1G11-E4) Sepharose (9.3 x 

1.6 cm) was loaded with 5 ml of a 40 percent saturated ammonium sulfate 

traction of an E. coli lysate containing recombinant TNF-e. The washes 

and el ut ion conditions are the same as those used for TNF-a. The activity 

. qoq p Vrt ie - TNF "~ a and TNF - 6 factions wa s measured using a standard 
L-S29 cell lysis assay. 
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precipitation with ammonium, sulfate and the reconstituted precipitate was 
filtered. This pretreatment prevented the accumulation of a colored material 
on- the immunoaff inity column and prevented clogging. Dialysis of. the 
dissolved ammonium sulfate precipitate, was not necessary. When this crude 
bacterial extract fraction was loaded on the antibody column, most of the 
E. coli proteins passed through, and all of the TNF-a activity was retained. 
The addition of 0.05 percent Tween 20 in the column washes was necessary to 
remove minor contaminants that adsorbed non-specif ical ly to the column , 
matrix. The bound IHF-a was eluted from the column using a pH 4.5 buffer. We 
found^that TNF-a and TNF-e are not stable at pH 4.5 for more than a few hours 
at 22°C, therefore, the eluted fractions were collected into 1/10 volumeof 1M 
Tris pH 8.5 to adjust the pH of . the eluted TNF-a to 7.8 in order to insure the 
stability of biological activity. Immunoaff inity purified TNF-a was greater 
than 98 percent pure by SDS-PAGE (Fig. 5) and had a specific activity of 2.9 x 
10 7 cytolytic units/mg (Table 3), which is in good agreement with the value 
of 3.0 x 10 7 units/mg obtained, for TNF-a purified from natural resources by 
conventional chromatography (11). In a single chromatographic step, TNF-a 
could be purified. 21-fold fromJE. coli lysates (Table 3). 

The anti-TNF-6 monoclonal antibody column could be used to purify both 
forms of recombinant TNF-e. The purification protocol used for TNF-e was 
essentially the same as that used for TNF-a. A typical chromatographic 
profile of a TNF-B purification (18 kDa form) is shown in Figure 4(B). 
Immunoaff inity purified 18 kDa TNF-e was greater than 99 percent pure by 
SDS-PAGE and had a specific activity of 3.9 x 10 7 cytolytic units/mg 
(Table 3), compared with 4.0 x 10' units/mg reported for TNF-e purified from 
natural sources by conventional chromatography (9). In comparison to a 
typical TNF-a immunoaff inity purification of 21-fold, TNF-e was purified 
285-fold from E. coli lysates (Table 3). This difference is due to the 
relatively higTier purity of the TNF-a starting material (Fig. 5). An 
anti-TNF-e column was used over twenty-five times without any detectable loss 
in capacity or any change in the purity in the eluted TNF-e. This result 
indicates that no leaching of immobilized antibody was detected, and that the 
mild elution conditions used did not damage the antibody binding activity. 



Mr (X10" 3 ) 
94.0- 
67.0- 



20.1- 
14.4- 




FIGURE 5. Analysis of Immunoaff inity Purified TNFs by SDS-PAGE. 100 pg 
of TNF-e immunoaff inity column load (lane A), 2 pg of immunoaff inity 
purified TNFB (lane B) , 25 yg of TNF-a immunoaff inity column load (lane 
C), 2 pg of immunoaff inity purified TNF-a (lane D). The samples were run 
on a 12 percent polyacrylamide gel under reducing conditions and stained 
with Coomassie Blue R-250. By laser densitometry, the purity of 
immunoaff inity purified TNF-a and TNF-e was determined to be greater than 
98 percent and greater than 99 percent, respectively. 
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TABLE 3 

Immu no affinity Purification of Recombinant TNF-a and TNF-B 



Specif ic Purifi- 
Protein a Activity* 3 Activity Yield cation 



TNF-a 

E. coli lysate 52 7.1 1.4 100 1 

50 percent saturated 18 7.1 3.9 100 2.9 

ammonium sulfate 

precipitation 

Antibody (TNFB) 1.4 4.1 29.0 57.7 21.4 

Sepharose 
TNF-B 

£. coli lysate 220 3.0 0.14 100 1 

40 percent saturated 66.5 3.0 0.45 100 3.3 

ammonium sulfate 

precipitation 

Antibody (LTB) 0.9 3.5 39.0 117 285 

Sepharose 

a The protein concentration was determined by the method of Bradford (26). 
Activity was determined using an L-929 cell cytolysis assay (11). 

Assay of TNF-a and TNF-B Using Specific EL ISA Assays 

Specific double sandwich EL ISA assays were developed for both TNF-a and 
TNF-B. Purified neutralizing monoclonal antibodies, anti-TNF-a clone 1B2-G3 
or anti-TNF-B clone 1G11-E4, were adsorbed to plastic microELISA wells and 
utilized to specifically bind TNF in the sample solution. A combination of 
rabbit polyclonal anti-TNF-a or anti-TNF-B antibodies and HRP conjugated 
anti-rabbit IgG was then used to detect bound antigen. After incubation with 
a o-phenylenediamine substrate solution, the absorbance of each well was 
measured with an automated plate reader and a desktop computer was used for 
data reduction. Typical standard curves for a TNF-a and a TNF-B ELISA are 
shown in Figure 6. Both assays had useful ranges of about 0.4 to 25 ng/ml 
TNF. The specificity of each assay was demonstrated by the lack of any signal 
generated by 30 ug/ml of TNF-B in a TNF-a ELISA or by 30 ug/ml TNF-a in a 
TNF-B ELISA. 

To compare the results obtained from TNF-a and TNF-B ELISA assays with 
the bioassay, we measured TNF levels in column fractions from typical 
immunoaff inity purifications of TNF-a and TNF-B using both types of assays 
(Fig. 7). The ratio of bioactive to immunoreacti ve TNFs i.e., the specific 
activity, of all of the TNF-a and TNF-b fractions was relatively constant. 
The values for the specific activities of TNF-a and TNF-B obtained by this 
method were 1.7 * 0.34 x 10' units/mg and 3.0 * 1.0 x 10' units/mg, 
respectively. This result demonstrates that there was no significant 
difference in the levels of TNF-a and TNF-B measured by ELISA or by 
bioassay, and that the ELISA assays probably only detect bioactive TNFs. 



In this report, we described the production, characterization, and 
application of specific monoclonal antibodies against two very similar 
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FIGURE 6. Typical Standard Curves for a TNF-a EL ISA (A) and a TNF-6 EL ISA 
(B). Open circles represent TNF-a and closed circles represent TNF-B. Up 
to 30 pg/rnl of either TNF-a or TNF-e failed to react in a reciprocal assay. 




Fraction number Fraction number 

FIGURE 7. Comparison of ELI SA Assays with a Standard L-929 Cell Lysis 
Assay. Fractions from a typical TNF-a (A) or TNF-6 (B) immunoaff inity 
chromatography purification assayed by EL ISA and by bioassay. 
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cytokines, TNF-a and TNF-e . Monoclonal antibodies, as well as rabbit ' 
polyclonal antibodies, were highly specific and showed no cross reactivity 
between these cytolytic proteins. This indicates that despite the fact that 
these cytokines share substantial amino acid identity, and bind to the same 
cell surface receptor, their antigenic epitope structures are quite 
different. We isolated three types of neutralizing anti-TNF-a monoclonal 
antibodies that bound to distinct antigenic epitopes, including two classes 
of neutralizing antibodies that could bind simultaneously. These results 
indicate that TNF-a biological activity is probably not neutralized by 
antibodies binding to a unique active site, but probably by interfering with 
the binding of TNF to its cell surface receptor. Non-neutralizing 
monoclonal antibodies also failed to cross react with both TNF-a and TNF-B, 
demonstrating that despite their high degree of homology, no antigenic 
epitopes' are shared between these cytokines or that antibodies to shared 
epitopes are simply rare. We attempted to'define the active sites and the 
antigenic epitopes of TNF-a and TNF-e using synthetic peptides. Most of the 
antibodies that were isolated were conformation specific, and it was not 
possible to identify TNF antigenic epitopes by this approach. However, 
several anti-TNF-B monoclonal antibodies were identified that reacted with 
amino-terminal sequences of TNF-B that were not required for biological 
activity. This region may represent the most immunogenic epitope of TNF-e 
and explain our difficulty in raising neutralizing antibodies in mice. 

Various monoclonal antibodies were used to purify milligram quantities 
of TNF-a and TNF-e, eliminating the need for complicated multi-column 
procedures. These antibodies were selected because they were neutralizing, 
and, therefore, likely to bind only to active TNFs, and had reduced affinity 
for TNFs under acidic conditions that did not destroy cytolytic activity. 
By using these mild elution conditions, the immunoaf f inity columns could be 
reused many times with no change in performance. A TNF-B specific column 
was used to purify both recombinant 18 kDa 16 kOa TNF-B.. It. is likely that 
this method can be used to purify other engineered variants of recombinant 
TNFs, eliminating the need for a new purification process for each variant. 

TNF monoclonal and polyclonal antibodies were used to develop sensitive 
sandwich ELISA assays. The TNF ELI SA assays were as sensitive as the 
bioassay, but the ELISA assays could discriminate between TNF-a and TNF-B., 
which the bioassay cannot, and were faster and easier to perform than the. 
bioassay. 

The monoclonal antibodies to both TNF-a and TNF-e described, here should 
prove to be useful in the study of the mechanisms of action of 'these 
cytokines. Sensitive ELISA assays can be used to identify and quantitate 
TNFs and neutralizing antibodies can selectively neutralize TNF cytolytic 
activity in in vitro systems, isolating the effects of TNFs from 
interferons, lymphokines, and other effector molecules. Recently, several 
biological activities besides tumor cell killing have been ascribed to tumor 
necrosis factors. For example, TNF-a has been shown to be anti-parasitic 
(34) and anti-viral (35,36), and it may play a role in cachexia (37), 
endotoxic shock (38) and inflammation (39). Both TNF-a and TNF-B can cause 
bone resorption in vitro (40). The observation that myeloma cell lines can 
produce TNF-B has led to the speculation that TNF-e may be involved in the 
Bone destruction often seen in myeloma patients (40). It is not. known 
whether all of these activities are mediated by TNF binding to the'same cell 
surface receptor. Although, it has been shown that neutralizing TNF-a 
specific monoclonal antibodies can also inhibit the action of TNF-a on 
lipoprotein lipase activity in adipocytes. This enzyme is thought to play a 
key role in cachexia. The availability of monoclonal antibodies against 
several epitopes of both TNF-a and TNF-e may help to clarify this issue. In 
addition, the role of TNFs under normal physiological conditions, in tumor 
killing and under pathological conditions is not yet understood. Specific 
ELISA assays that can identify and quantitate TNFs will aid in elucidating 
the role of TNFs in normal and disease states. Finally, neutralizing 
anti-TNF monoclonal antibodies may be able to block the side effects of TNF 
in vivo providing a specific therapy for TNF mediated disorders. 
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ABBREVIATIONS: BSA, bovine serum albumin; CFA, complete Freund's adjuvant; 
OMEM, Dulbecco's modified Eagle's minimal essential medium; EDTA, 
ethylenediaminetetraacetate; EL ISA, enzyme-linked immunosorbent assay; FBS, 
fetal bovine serum; .HEPES, N-2-hydroxyethylpiperazine-N'-2--ethanesulfonic 
acid; HRP , horseradish peroxidase; ID, intradermally; IM, intramuscularly; 
IP, ' interperitoneally; IV, intravenously; IFA, incomplete Freund's adjuvant; 
LT, lymphotoxin; NZW, New Zealand white; PEG, polyethyleneglycol ; PBSj 
phosphate buffered saline; SDS-PAGE, sodium dodecyl sulf ate-polyacryl amide 
gel electrophoresis; SC, subcutaneously; TBS, tris buffered saline; TNF, 
tumor necrosis factor. 
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The term "complement" is used to include a complex 
group of interacting blood proteins and glycoproteins 
found in all vertebrates. These proteins have as their pri- 
mary functions the production and regulation of inflam- 
mation, the opsonization of foreign materials for phago- 
cytosis and the mediation of direct cytotoxicity against 
various cells and microorganisms. The first evidence for 
the existence of such a system arose in the late 19th cen- 
tury during studies of the mechanism of host defense 
against invading bacteria and studies of the mechanism 
of destruction of foreign or mismatched transfused cells 
(1-3) These studies demonstrated that individuals are ca- 



pable of responding to invading microorganisms or to in- 
jected foreign cells by the production of antibody. Such 
antibodies are able in vitro to agglutinate the organisms 
or foreign cells used in the immunization but are unable 
to mediate cell death. It was discovered that the addition 
of fresh serum to a mixture containing specific antibody 
and the microorganism or immunizing cell often led to cell 
death. The importance of this property of fresh serum was 
quickly recognized, and a series of investigations was 
begun to define the biochemical and biologic basis of the 
phenomenon of cell lysis. 
Work over the next several decades demonstrated the 
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complex nature of the lysis phenomenon. It quickly be- 
came clear that the lytic material, present in all fresh sera, 
was not a simple substance but could be separated into 
several principles by even the crude chemical techniques 
then available. For example, dialysis of the serum against 
water separated the lytic material into a precipitable eu- 
globulin fraction and a soluble pseudoglobulin fraction. 
Neither fraction had lytic activity when tested, but mixing 
the fractions restored this activity. The materials that 
acted together to produce this cytotoxic response were 
collectively termed alexin by Bordet, and first addi- 
ment," and later complement by Ehrlich. Although some 
early workers doubted that the reactions leading to lysis 
followed simple chemical rules, it was soon recognized 
that this was indeed the case and experimental systems 
were established to permit detailed study of these bio- 
chemical events. Many of the experimental models es- 
tablished at the turn of the century are still in use today 
and it is valuable to consider a few of them in some detiul. 

Much of the early work was directed toward establish- 
ing an in vitro system designed to allow for analysis of 
each of the steps involved in complement-mediated cell 
death Erythrocytes from many species were screened to 
determine which were the most easily lysed by antibody 
and complement. Sheep erythrocytes proved to be par- 
ticularly useful since, when sensitized with antibody, they 
were highly susceptible to the lytic action of complement. 
It was also discovered that sheep erythrocytes have on 
their surface a potent lipopolysaccharide antigen (termed 
Forssman antigen) (4) and that high titered antibody to 
this antigen could be prepared conveniently in the rabbit. 
In general, sera from all mammals could be used as a 
complement source, but the degree of lysis varied greatly 
among different species. It was found that fresh guinea 
pig serum was the most potent lytic serum easily avail- 
able A test system utilizing sheep erythrocytes sensitized 
with rabbit antibody for studies of lysis in fresh guinea 
pig serum was commonly employed. With time, it became 
possible to create specific intermediates bearing various 
complement components on the surface of the antibody- 
coated sheep erythrocytes and to study the interaction ot 
each newly defined complement protein with the appro- 
priate cellular intermediate in the complement sequence. 
Early efforts focused almost exclusively on the events 
that occur in the lysis of the antibody-coated sheep red 
cell Such events now comprise the classical complement 
pathway. In more recent years it has become clear that 
another closely related series of proteins is often involved 
in the lysis of bacteria with or without the intervention of 
antibody. These bacteriolytic proteins make up the alter- 
native complement pathway. The two pathways of acti- 
vation converge at the step of C3 activation and engage 
the later lytic components in the complement cascade 
(Fig. 1). The classical pathway, in general, is initiated by 
the formation of an antigen-antibody complex. Recog- 
nition of the antigen-antibody complex by the proteins 
of the classical pathway leads to sequential formation ot 
enzymes with serine protease activity. These cleave and 
activate C3. The proteins of the alternative pathway me- 
diate this same end result, albeit with slower kinetics of 
activation. Cleaved C3 (C3b) interacts with the C3-cleav- 



ing enzymes of either the classical or alternative pathways 
and alters their substrate specificities such that they are 
able to cleave C5. Cleaved C5 (C5b) then interacts with 
the remaining numbered components, C6, CI, C8, and 
C9 and these five terminal complement components, act- 
ing' in concert, mediate cell lysis. This general scheme of 
complement activation is presented in Fig. 1. 

The complement system is essentially entirely con- 
served throughout the mammalian species that have been 
studied, and the proteins are often (but not always) in- 
terchangeable across species. The system is by far best 
characterized in the human and guinea pig, although much 
data on the murine proteins have evolved recently through 
molecular techniques. 



TERMINOLOGY 

The nine proteins of the classical pathway are desig- 
nated by an uppercase letter C followed by a number. The 
numbers generally follow the order of action of the com- 
ponents, with the exception of C4, which acts before CZ 
and C3. Components acting solely in the alternative path- 
way are designated by letters. Regulatory proteins are 
designated by a descriptive title (e.g., C4 binding protein) 
or in the case of those proteins closely associated with 
the alternative pathway, a letter (e.g., factor H). Single 
components or multicomponent complexes that have en- 
zymatic activity are designatedby a bar over the com- 
ponents) in question (e.g., Clr 2 ). Molecules that have 
lost activity through chemical denaturation or by the ac- 
tion of a control protein are usually designated by a prefix 
lower case i (e.g., iC3). Fragments or subunits of the var- 
ious components are designated by a lowercase letter suf- 
fix <e.g., C3b). 

THE CLASSICAL COMPLEMENT PATHWAY 

The Role of Immunoglobulin 

Activation of the classical pathway is initiated by the 
binding of CI, the first component in the cascade, to an 
antigen-antibody complex and the subsequent activation 
of the antibody-bound CI (5,6). The steps have been ex- 
amined in considerable detail. Not all classes of antibody 
are capable of binding CI to initiate the classical pathway. 
IgG and IgM antibodies have this ability, but IgE, IgD, 
and IgA antibodies do not (5). Studies in a number of test 
systems have demonstrated that a single molecule of IgM 
bound to a particulate antigen is capable of binding one 
molecule of CI, a complex zymogen protease (7). How- 
ever the processes of antibody binding of CI and the 
activation of CI to a protease capable of cleaving C4 and 
C2 are not equivalent (6). To mediate CI activation, the 
IgM antibody molecule must engage the antigen by more 
than one of its Fab arms. This was inferred from studies 
of the binding and activation of CI on anti-hapten IgM 
sensitized sheep erythrocytes coated with various den- 
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I FIG. 1. A schematic diagram of comple- 
C3W2O) ment activation. Regulatory proteins, side 
/ reactions, and inactive fragments have 
' been omitted for clarity. Enzymatically ac- 

tive species are designated by overbars. 



sities of a defined hapten, and by analysis of CI activation 
by idiotype anti-idiotype immune complexes containing 
IgM (8,9). The finding that multiple variable region sites 
must be bound to an antigenic surface for CI activation 
suggests that binding facilitates a conformational change 
in the antibody that promotes CI activation. 

On the other hand, in most of the model systems stud- 
ied two IgG molecules side by side (a doublet) are re- 
quired for CI binding and activation (10). In molecular 
terms, the requirement for an IgG doublet greatly reduces 
the efficiency of IgG as compared to IgM in inducing clas- 
sical pathway activation. In most systems that examine 
the lysis of target particles, hundreds or thousands of IgG 
molecules must be supplied before, by chance, two mol- 
ecules come to lie sufficiently close together on a surface 
to produce a doublet. If the distribution of antigen mol- 
ecules on a surface precludes the possibility of two IgG 
molecules coming to lie sufficiently close together, the 
IgG may not activate complement at all. In fact, it has 
been shown that IgA, under some circumstances, blocks 
complement activation by IgG antibody by inhibiting the 
formation of doublets (11). Not all IgG subclasses are ca- 
pable of activating the classical pathway. Human IgGl, 
IgG2, and IgG3 are all activators of the classical pathway, 
but IgG4 is not. In mouse systems, -y2a, y2b, and y3 ac- 
tivate the classical complement pathway, and in guinea 
pig, il antibodies activate the classical pathway. 

It is not known whether the binding of IgG antibody to 
its substrate causes a structural change in the antibody 
that induces increased affinity for CI. Binding of CI to 
surface-bound IgG doublets may simply be a consequence 
of cooperative binding effects. It has been shown that IgG 
monomer will interact with native CI , albeit weakly (12). 



A cluster of closely associated IgG molecules may allow 
for multiple points of CI attachment, thus stabilizing the 
IgG-Cl complex. Binding of CI proceeds via its attach- 
ment to the CH 2 domain of the Fc portion of the IgG 
molecule (13,14). 

Recent data suggest that successful activation ot Cl 
requires multiple points of contact between CI and the 
activator. In the case of IgG it has been suggested that 
not only must the CH 2 domain bind CI but there must be 
a second point of contact with the CH, domain for acti- 
vation to occur (15). In keeping with this, it is also sug- 
gested that a rather narrow range of angles between the 
Fab arms of IgG are optimal for CI activation (8). Ac- 
cordingly, both simple spatial clustering and structural 
rearrangements induced by antigen binding may have a 
role in CI activation by IgG. Recently, a Cl-binding motif 
consisting of a trio of charged amino acid residues has 
been identified in the CH 2 domain of murine IgG. These 
residues are highly conserved in most mammalian IgGs 
examined and appear to be necessary, but not sufficient, 
for efficient CI binding (16). 



CI 

CI exists in serum as a three-subunit macromolecule 
with the subunits held together in the presence of ionic 
calcium (7,17). Clqisthe subunit that binds to an antigen- 
antibody complex via the antibody CH 2 domain; it has a 
molecular weight (MW) of about 400,000 and is composed 
of 18 chains: three chain types termed A, B, and C with 
six copies of each per molecule. The protein has a central 



CHAPTER 24 




FIG 2. A conceptualization of C1q. The central core is 
designated by (a) and the collagen-like fibrillar arms by 
(b) The globular heads which bind to immunoglobulins 
are designated by (c). Angle X ranges from 20° to 80° ; 



core and six radiating arms, each of which ends in a pod- 
like globular structure (Fig. 2). The amino terminal end 
of each arm has a triple-helix, collagen-like structure and 
can be cleaved by bacterial collagenases. These regions 
are rich in glycine, hydroxylysine, and hydroxyproline. 
Binding of Clq to the CH 2 domain of the antibody occurs 
through the podlike carboxyl terminus at the end of each 
arm. Potentially, each of the six Clq arms can bind to 
one CH 2 domain; it is assumed that multiple Clq-anti- 
body interactions are required for firm binding (see pre- 
vious discussion). Clq is found in serum in association 
with two additional CI subunits: Clr and Cls. Clr and 
Cls both have molecular weights of about 85,000 and are 
single-chain proenzymatic forms of serine proteases. Cur- 
rent models envision the two Clr molecules and the two 
Cls molecules arranged linearly with the two Clr mole- 
cules in contact in the center of the claim and the two Cls 
molecules at the ends (18). When CI is incubated in eth- 
ylene diamine tetraacetate (EDTA)-containing buffers to 
remove calcium, the molecule dissociates. The two chains 
of Clr molecules remain associated and the two Cls 
chains are free in solution. Clq remains intact but loses 
its Clr and Cls. . 

The Clr 2 -Cls 2 tetramer is believed to associate with 
the collagenous regions of the Clq molecule when calcium 
is present (18). Following binding of the intact macro- 
molecular zymogen form of CI to an antigen-antibody 
complex, the CI undergoes enzymatic activation to be- 
come an active serine protease. Activation is associated 
with cleavage of each of the Clr chains and each of the 
Cls chains into a heavy chain of 57,000. and light chain 



of 28,000 daltons. The enzymatic sites reside in each of 
the smaller subunits in both cases_(19). 

In in vitro studies, activated Clr is capable of cleaving 
and activating Cls; activated Cls has broader enzymatic 
specificity and is the enzyme responsible for the cleavage 
of both C4 and C2. The mechanism by which the binding 
of Clq leads to activation of Clr and Cls is unknown. 
Some have suggested that this involves an intramolecular 
rearrangement within the intact CI molecule. The mech- 
anism of Clr cleavage of Cls is also unknown. Although 
some investigators have suggested that activated Clr 
cleaves the Cls chains within a single macrqmolecular CI 
molecule, others have hypothesized that Clr cleavage of 
Cls is actually an intermolecular event requiring the 
proper alignment of two CI molecules on an activating 
surface. 



The binding and activation of CI leads to the generation 
of an enzyme capable of coordinating with and cleaving 
the second protein in the cascade, C4. C4 is composed of 
three disulfide-linked chains termed o, p, and -y with MWs 
of 93,000, 78,000, and 33,000, respectively. The protein 
is synthesized as a single-chain precursor (proC4) and the 
three-chain structure is formed as a post-translational 
event (20,21). _ . . 

On interaction with Cls, the C4 o chain is cleaved with 
release of a small fragment, C4a (9,000 daltons), from its 
amino terminus. C4a is discussed in detail in the section 
on anaphylatoxins . The larger fragment, C4b, contains the 
modified o chain (a'), p, and -y and continues the com- 
plement cascade. The binding of C4b to a surface, unlike 
the binding of CI, proceeds via formation of a covalent 
ester or amide bond and is apparently highly analogous 
: to C3b binding (see laterdiscussion) (22). An antibody 
site with a bound, active CI will cleave multiple C4 mol- 
ecules, and a cluster of C4 molecules will bind to the re- 
gion surrounding the antibody-CT site. This represents 
an amplification step in classical pathway activation since 
a single Cl-fixing site leads to the activation of multiple 
C4 molecules. Not all deposited C4 molecules are equally 
active hemolytically (23). Those which bind to, or close 
to, the antibody-Cl complex will continue the comple- 
ment cascade. Bound C4b appears to protect adjacent CI 
molecules from the action of CI inhibitor (24). This serves 
to promote complement activation at the site of an im- 
mune complex and limits the effect of nonspecific acti- 
vation of CI. The binding of C4b to certain targets may 
have an effect on biologic activity. For example, certain 
viruses may be neutralized by the deposition of multiple 
C4 molecules on their surface, preventing their binding 
to a suitable host cell (25). 



The third protein in the antigen-antibody recognition 
steps of the classical pathway is C2. This molecule con- 
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sists of a single peptide chain of 95,000 daltons. In the 
presence of Mg 2+ ion, C2 binds to C4b and is cleaved by 
adjacent CTs. Two fragments are formed. A small frag- 
ment (C2b, MW 30,000)is cleaved from the molecule, and 
the larger fragment C2a remains associated with C4b to 
continue the cascade (26). The complex of C2a and C4b 
is endowed with new enzymatic activity: the ability to 
coordinate with and to cleave C3. The active enzymatic 
site, again a serine protease, resides on the C2a portion 
of the molecule. Some data suggest that the C2b remains 
as part of the complex, acting as the C4b-binding site (27). 
The C4b in the complex binds the C3 molecule and makes 
it accessible to C2a cleavage. The C4b2a complex, termed 
the classical pathway C3 convertase, is labile and under- 
goes decay with physical release of the C2a as an enzy- 
matically inactive fragment. The C4b left behind on the 
antigenic surface can bind another C2 molecule, which on 
cleavage by CT will again form the C3 convertase enzyme. 



REGULATION OF THE CLASSICAL PATHWAY 
CI Inhibitor 

The CI inhibitor (C1INH) is a single-chain serum gly- 
coprotein of 105,000 daltons with an unusually high car- 
bohydrate content (about 35 to 40%) (28). The protein 
functions by combining in 1 -A stoichiometry with the ac- 
tive site on each activated Clr and Cls to destroy its pro- 
tease activity. Since there are two Clr protease sites and 
two Cls protease sites per CI molecule, one molecule of 
activated CI can, in theory, react with fourmolecules of 
Cl-INH. Binding of Cl-INH to activated CI induces di- 
sassembly of the CI molecule with release of two mole- 
cules of a ClrCls (ClINHk complex (29,30). The Clq is 
presumably left behind on the activating surface where it 
may interact with additional plasma Clr and Cls or with 
specific Clq receptors on a variety of cells (see section 
on receptors). Cl-INH chemistry has been examined in 
considerable detail. It is a member of the family of pro- 
teins termed serpins (serine protease inhibitors) and acts 
by presenting a bait sequence to the enzyme to be inhib- 
ited. In the case of the Cl-INH, this bait sequence con- 
tains a critical arginine at position 444 (31). The enzyme 
to be inhibited cleaves the Cl-INH at the active-site ar- 
ginine into two fragments of 96,000 and 9,000 MW. Upon 
cleavage, a reactive site is exposed in the 96,000-dalton 
fragment which binds to the active site on the enzyme to 
be inhibited, forming a stable complex that is resistant to 
boiling in SDS (28). Cl-INH is also reported to interact 
with CI before its activation. This interaction appears to 
inhibit CI activation by spontaneous autocatalysis or non- 
immune activators but not by antigen-antibody_ com- 
plexes (32). Interestingly, binding of Cl-INH to Clr leads 
to loss of detectable Clr antigen using most anti-Clr anti- 
sera Thus disappearance of antigenicaUy detectable Clr, 
along with the appearance of cleaved Clr and Cls chains 
on SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE), allows one to follow the kinetics of CI activation 
and inhibition (33). 



C4b Regulation and C4-Binding Protein 

The activity of C4b is under the control of a series of 
membrane-bound and fluid-phase proteins. In this section 
we describe interactions that can occur in the fluid phase. 
A separate section discusses all the membrane-bound 
complement regulators. 

C4-binding protein (C4BP) is an interesting molecule of 
approximately 570,000 daltons. The molecule consists of 
seven identical chains that are associated by disulfide 
bonds at their carboxy termini, forming a central "core" 
(34). The amino terminal portions of the seven chains form 
tentacular arms which radiate from the core and bear the 
C4b binding domains, which are homologous to the bind- 
ing domains of a broad family of proteins that interact 
with C3b and C4b (see later discussion). C4BP binds to 
C4b (not C4) and exerts two distinct regulatory actions. 
The intrinsic dissociation rate of the C4b2a complex is 
increased, thus shortening the survival of any given clas- 
sical C3 convertase enzyme (35). In addition, C4b bound 
by C4BP becomes susceptible to proteolysis by factor I, 
also known as C3b/C4b inactivator. Factor I cleaves the 
o' chain of C4b in two places, releasing a four-chain com- 
plex termed C4c and leaving a small portion, C4d, co- 
valently bound to the original acceptor surface (36). C4d 
can no longer support complement convertase activity. 
Factor I cleavage of C4b on surfaces can proceed without 
C4BP, albeit slowly, but C4BP is requisite in the fluid 
phase. 



THE ALTERNATIVE PATHWAY OF 
COMPLEMENT ACTIVATION 



An alternative pathway for complement activation was 
described in 1954 by Louis Pillemer and bis co-workers 
at Case Western Reserve University during their inves- 
tigations of the inactivation of C3 and late-acting com- 
plement components by yeast cell walls. They demon- 
strated that an insoluble yeast cell wall preparation, 
zymosan, could completely consume C3 during a 37°C 
incubation in serum without affecting CI, C4, or C2 titers 
(37). This inactivation had the characteristics of an ezy- 
matic reaction and required factors that could be removed 
from serum by preincubation with zymosan at 17°C. 
These factors differed from antibodies in that their ab- 
sorption from serum required magnesium ions, temper- 
atures above 10°C, a pH of 6.5 to 8.2, and low ionic 
strength. This led to the suggestion that consumption of 
C3 occurred by enzymatic activation via a new pathway 
which was termed the properdin system. Moreover, it was 
demonstrated that this system played an important role 
in the serum bactericidal reaction, in viral neutralization, 
and in the acid lysis of erythrocytes from patients with 
paroxysmal nocturnal hemoglobinuria. Unfortunately, 
subsequent recognition that natural antibody to zymosan 
is present in normal serum led to the belief that Pillemer's 
data reflected only the activation of the classical pathway 
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by preexisting antibody (38). Thus the fundamental dis- 
coveries of Pillemer and his colleagues were largely ig- 
nored until the alternative pathway was "rediscovered" 
a decade later. 

There are six normal serum proteins thought to be im- 
portant in the initiation and control of alternative pathway 
activation. These are factor B, factor D, properdin, factor 
H @1H), factor I (C3b/C4b inactivator), and C3 itself (39). 



Factor D 

Factor D is a 25,000-dalton, single-chain glycoprotein, 
with 7-globulin electrophoretic mobility when purified but 
a-globulin electrophoretic mobility in serum (40). It is a 
trace protein in serum (1 to 2 |ig/ml), and its low con- 
centration may make it rate limiting in assembly of the 
alternative pathway C3 convertase, C3bBb. No evidence 
of cleavage of factor D has been found and it is presumed 
to circulate in the active state. It has sequence homology 
with other serine proteases but does not hydrolyze syn- 
thetic esters and is relatively resistant to the archetypal 
serine protease inhibitor diisopropylfluorophosphate 
(DFP) (41). It has no activity on its natural substrate, fac- 
tor B, until the latter is bound by C3b. Thus it is most 
likely that factor D is able to express its proteolytic ac- 
tivity only after exposure of a cryptic site on factor B by 
the C3b interaction. 



Factor B 

Factor B is a single-chain, 93,000-dalton, 3-globulin 
zymogen serine protease. In the presence of Mg 2+ , factor 
B forms a stoichiometric complex with C3b with a molar 
ratio of 1 : 1 (42). On cleavage by factor D, two fragments 
are formed. The smaller 30,000-dalton fragment, Ba, is 
released, while the larger 63,000-dalton fragment, Bb, re- 
mains associated with C3b. The latter fr agmen t contains 
the protease activity (43). The complex C3bBb is termed 
the alternative pathway C3 convertase. This complex is 
quite labile and Bb dissociates spontaneously from C3b 
under physiologic conditions. Ba and Bb are reported to 
have opposing regulatory effects on B lymphocyte func- 
tion and Bb is reported to augment the spreading of phag- 
ocytic cells on a surface. 



Properdin 

Properdin (from the Latin perdere, to destroy), the pro- 
tein through which the alternative pathway was discov- 
ered, is a 7-globulin of approximately 143,000 to 156,000 
daltons, consisting of three apparently identical subunits 
held together noncovalently (44). Its serum concentration 
is about 25 u.g/ml. There are two forms of properdin, na- 
tive (nP) and activated (P), which apparently differ from 
each other only by a small conformational change (45). 
Native properdin can bind to the assembled alternative 



pathway C3 convertase (C3bBb) but cannot bind to C3b 
alone. Its function in this circumstance is to reduce the 
rate of decay of the convertase and thus promote alter- 
native pathway activation. Activated properdin can, in 
addition, bind to C3b on particles or in the fluid phase in 
the absen ce of factor B and then promote the assembly 
of C3bBb. Factors regulating the conversion of nP to P 
are largely unknown, and some authors have questioned 
whether two distinct forms truly exist. Spontaneous con- 
version of nP to P in purified protein preparations has 
been observed to occur, and P is the form of the molecule 
eluted from alternative pathway activators after incuba- 
tion in serum. On the other hand, P does not revert to nP 
spontaneously but is reported to do so after incubation 
with the denaturant guanidine. 



Factor H 

Factor H (formerly known as piH) is a 150,000-dalton, 
single-chain peptide of p electrophoretic mobility. Its 
serum concentration is about 500 u.g/ml (46). Gel filtration 
studies indicate that factor H may circulate as a dimer 
under physiologic conditions. Unlike the previously de- 
scribed proteins, factors B and D and properdin, which 
are important in the assembly of the alternative pathway 
C3 convertase, factor H functions to downregulate C3- 
cleaving convertase activity. This is accomplished by 
competition with both B and Bb for C3b binding, thereby 
inhibiting convertase formation and accelerating decay of 
existing convertase complexes (47). Factor H is also a 
necessary cofactor for the inactivation of C3b by factor 
I (48). The binding of H to C3b does not require cations 
but is enhanced by low ionic strength. Factor H can bind 
to C3b on surfaces or in the fluid phase, although with 
varying affinities depending on the chemical nature of the 
environment in which the C3b is found. As explained 
later, this varying affinity of H for C3b may be the most 
important determinant of whether or not a particle will 
activate the alternative pathway. 



Factor I (C3b/C4b Inactivator) 

Factor I is a 90,000-dalton, B-globulin glycoprotein 
composed of two chains of 50,000 and 40,000 daltons held 
together by disulfide bonds (49). It demonstrates proteo- 
lytic activity toward two substrate molecules: C3b and 
C4b. In the presence of the appropriate cofactors, factor 
I effects two sequential cleavages of C4b and three cleav- 
ages of C3b (50). These result in defined breakdown prod- 
ucts with altered activity (see later discussion). The active 
site is on the 40,000-dalton light chain and is not inhib- 
itable by DFP, soybean trypsin inhibitor, tosyl-L-lysine 
chloromethyl ketone (TLCK), benzamidine, or phenyl- 
methyl sulfonyl fluoride (PMSF). Nonetheless, sequence 
analysis has demonstrated a high degree of homology be- 
tween factor I and known serine proteases. Thus the ac- 
tivity of this enzyme is probably controlled by a require- 
ment for configurational changes in its substrates (C3b or 
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C4b) mediated by essential cofactors (factor H or C4- 
binding protein), before exposure of the site for enzymatic 
cleavage. This is analogous to the mechanism of enzy- 
matic activity of factor D on factor B. 



C3 

C3, because of its central role in both classical and al- 
ternative pathway activation and because of its major role 
in the host defense process, has been the focal point of 
much research on complement activation. Human C3 is 
a 195,000-dalton glycoprotein of P electrophoretic mo- 
bility. It has two chains, one of 120,000 daltons (a chain) 
and the other of 75,000 daltons (p-chain) with carbohy- 
drate present on both chains (51). Serum concentration 
is 1 to 2 mg/ml. C3, like C4, is synthesized as a single- 
chain precursor molecule (proC3) in which the p chain 
occupies the amino terminus. Excision of a series of four 
arginine residues yields the mature molecule. 

Within the a chain resides an unusual thioester bond 
between a cysteinyl residue and a glutamic acid residue, 
separated by two intervening amino acids. This unstable 
bond, thought to be buried in a hydrophobic pocket, is 
responsible for the covalent binding reactions of C3 (as 
well as C4 and a 2 -macroglobulin, which share this feature) 

^ When C3 is cleav ed by either the classical pathway C3 
convertas e (C4b 2a) or the alternative pathway C3 con- 
vertase (C3blb), the a chain is divided into two unequal 
fragments, the larger of which remains covalently linked 
via disulfide bonds to the p chain. This molecule, des- 
ignated C3b, has a MW of 185,000 daltons (53). The 
smaller fragment, C3a, represents the amino terminal 77 
amino acids of the a chain and has diverse effects on cells 
with receptors for this peptide, including lymphocytes, 
mast cells, and endothelial cells (see later discussion). On 
cleavage of C3 to C3b, the molecule undergoes a complex 
rearrangement of tertiary structure, which exposes the 
internal thioester bond in the a chain (52,54). On expo- 
sure, the thioester bond can be broken by reaction with 
appropriate aldehydes, carboxyl groups, nitrogen nucleo- 
philes, or by water itself. The result is a new covalent 
bond between C3b and an electron-donating group. On 
particles such as erythrocytes or zymosan, the formation 
of ester bonds seems to be favored (55), whereas pro- 
teinaceous immune complexes form amide, as well as 
ester, bonds with C3b. Since water can hydrolyze the 
thioester and is generally present in vast molar excess 
over all other potential electron donors, the process of 
C3b binding to surfaces or soluble immune complexes is 
inefficient. In general, many molecules of C3b will in- 
corporate H 2 0 into the reactive bond for each molecule 
that is able to bond covalently to the complement-acti- 
vating surface. Nonetheless, recent experiments in which 
C3 was cleaved to C3b in the presence of small molecules, 
such as amino acids and simple sugars, have demon- 
strated that some of these are preferential acceptors of 
the C3b molecule. In particular, glycerol, threonine, and 
raffinose are highly efficient at forming covalent bonds 



with C3b even in the presence of a large excess of HzO 
(56). Immunoglobulin G also appears to be an efficient C3 
acceptor (see later discussion). 

C3b, after formation by either the classical or alter- 
native pathway C3 convertase, is susceptible to further 
cleavage, which proceeds in several steps (see Fig. 3) 
(57,58). The first cleavage is made by factor I with H as 
an essential cofactor for fluid-phase cleavage and an ac- 
celerator for cleavage on surfaces. A second factor I-rne- 
diated a-chain cleavage occurs in rapid succession with 
the release of a 3,000-dalton fragment. The resultant 
three-chain molecule is termed iC3b. It can no longer 
function in the alternative pathway C3 convertase (or the 
C5 convertase of either pathway). The iC3b molecule has 
68,000- and 43,000-dalton chains derived from the a' chain 
of C3b and the unchanged 75,000-dalton p chain of the 
original molecule. Surface-bound iC3b undergoes a third 
cleavage at a site within the 68,000-dalton chain, which 
releases a three-chain, 145,000-dalton molecule termed 
C3c and leaves a 41,000-dalton fragment termed C3dg 
bound to the surface. This cleavage is carried out by factor 
I, but factor H does not appear to be a physiologically 
relevant cofactor (58). Instead the cell membrane C3b re- 
ceptor, called CR1, appears to serve as cofactor for this 
step (see later discussion). A variety of enzymes, includ- 
ing trypsin, plasmin, and neutrophil elastase, can remove 
a 10,000-dalton amino terminal portion from C3dg to yield 
C3d'. These same enzymes can generate C3d directly from 
iC3b. The breakdown of iC3b in the fluid phase appears 
to follow the same steps but proceeds very much more 
slowly and is less well characterized. 



ALTERNATIVE PATHWAY ACTIVATION 
AND CONTROL 

When C3b is generated in the course of classical path- 
way activation, it may serve as an initiator of the alter- 
native pathway by providing a binding site for factor B. 
The binding requires Mg 2 "*" . Binding to C3b is presumed 
to expose a cryptic cleavage site in the factor B molecule, 
which is the substrate for the protease, factor D. Ba is 
released, and the resulting bimolecular complex, C3bBb, 
acts as the C3 convertase of the alternative pathway (59). 
The active enzymatic site is on Bb, but C3b is essential. 
C3b in the alternate pathway convertase is able to bind 
additional native C3 and in so doing makes the cleavage 
site in the C3 molecule available to the enzymatic activity 
of Bb. In this way, C3b in the alternative pathway C3 
convertase is analogous to C4b of the classical pathway 
C3 convertase and Bb is analogous to C2~a. Factor D is 
not incorporated into the C3 convertase and may be re- 
utilized. Enzymatic activity is controlled ,_by several 
mechanisms. Factor H may displace factor Bb from the 
alternative pathway C3 convertase and also functions as 
a cofactor for factor I cleavage of C3b, terminating its 
ability to function in the convertase (60). In addition, the 
complex enzyme C3bBb has a tendency to dissociate even 
in the absence of regulatory proteins, with a Tin of about 
5 min at 30°C. Properdin counterbalances these controls 




C3f (3,000) 

a 2 (43,000) 



FIG. 3. C3 cleavage and the subsequent 
stepwise breakdown of C3b. Fragment 
molecular weights and enzymes respon- 
sible for the various cleavages are desig- 
nated. Recent studies suggest that gp45- 
70 (membrane cofactor protein) is also a 
relevant cofactor for step B. 



@ = C3 convertase 

@ = FACTOR H or CR1 + FACTOR I 

© = CR1 + FACTOR I 

@ = TRYPSIN or ELASTASE or PLASMIN 

by decreasing the rate of the dissociation of C3bBb and 
therefore stabilizes enzymatic activity (59). Factors H and 
I are absolutely required to prevent spontaneous fluid- 
phase assembly of the alternative pathway C3 convertase 
and the subsequent consumption of alternative pathway 
components through unregulated activity of factor D and 
C3bBb. This has been shown in vitro using the purified 
proteins of the alternative pathway and has also been con- 
firmed in vivo, since patients genetically deficient in factor 
I or H have very low C3 levels and circulating C3 frag- 
ments (61). When additional C3b is formed by the action 
of C3blb, some por tion of th e new C3b may join the initial 
complex to form (C3b) 2 Bb. The second C3b provides a 
binding site for C5 and allows the new complex enzyme 
to function as the alternative pathway C5 convertase. Ki- 
noshita et al. have very recently demonstrated that the 



second C3b responsible for C5-binding activity is actually 
covalently attached to the initial membrane-bound C3b 
residue. 

Whenever C3b is created by classical complement path- 
way activation, it may serve as the nidus for formation 
of an alternative pathway C3 convertase. The alternative 
pathway convertase can deposit more C3b on the target 
surface, which can in turn form another alternative path- 
way convertase site. In this situation, the alternative path- 
way serves as an amplification mechanism for comple- 
ment activation and is often referred to as the 
"amplification pathway." 

The initial event of alternative pathway activation in 
the absence of classic pathway activation is less clear. 
The most likely sequence of events has been outlined by 
Pangburn and Muller-Eberhard (59,62). They showed that 
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the thioester bond in native C3 is not completely stable 
but subject to slow hydrolysis even in the absence of 
cleavage of the C3 molecule to C3a and C3b. C3 bearing 
a hydrolyzed thioester is termed C3(H 2 0) and has a num- 
ber of properties of C3b, including the ability to initiate 
the alternative pathway by interacting with factor B, the 
ability to interact with factors H and I, and the capacity 
to serve as a ligand for cellular C3b receptors (63). Spon- 
taneous hydrolysis of C3 with formation of an alternative 
pathway C3 convertase leads to a continuous low-level 
cleavage of C3 in serum called C3 "tickover." This base- 
line C3 turnover occurs at a slow rate because it is con- 
trolled by factors H and I. In the presence of alternative 
pathway-activating surfaces, such as rabbit erythrocytes, 
zymosan, or lipopoly saccharide, the tickover process is 
thought to provide the initial C3b, which binds to these 
surfaces to begin formation of the surface-bound alter- 
native pathway C3 convertase. 

Clearly, not all surfaces support the assembly of an al- 
ternative pathway C3 convertase whenever C3b by 
chance is bound to them through serum C3 tickover. This 
implies that inherent in the activation of the alternative 
pathway is the ability to discriminate among surfaces to 
which C3b binds. A further implication, since normal self- 
antigens do not activate the alternative pathway, is that 
the alternative pathway represents a primitive mechanism 
for distinguishing self-antigens from foreign antigens, 
such as yeast cell walls (zymosan) or bacterial cell walls 
or lipopolysaccharide. The molecular nature of this dis- 
criminatory ability is partially understood. Activators of 
the alternative pathway provide a "protected site" for 
C3b binding, that is, one in which the net effect is to favor 
factor B binding to C3b over factor H binding (59). In this 
setting, the alternative pathway C3 convertase will form 
and be able to cleave more C3 without the usual inhibition 
by factor H. With rare exception, the property of alter- 
native pathway-activating potential correlates with a re- 
duced affinity of surface-bound C3b for factor H. This 
has best been demonstrated in investigations of the role 
of cell surface sialic acids in control of alternative path- 
way activation (64,65). Although sheep erythrocytes do 
not activate the human alternative pathway, sheep cells 
from which sialic acid residues have been removed will 
activate the alternative pathway, and the extent of acti- 
vation is proportional to the amount of sialic acid re- 
moved. When the mechanism for this was investigated, 
it was discovered that, although C3b molecules on normal 
and desialated sheep erythrocytes demonstrated equal af- 
finity for factor B, the affinity of C3b for factor H on fully 
sialated cells was 10- to 20-fold greater than on desialated 
cells (66). Thus, in this case, cell surface sialic acid, by 
increasing the binding of H to C3b, prevents the formation 
of an effective alternative pathway C3 convertase. A sim- 
ilar mechanism for control of alternative pathway acti- 
vation was demonstrated for heparin that had been linked 
to zymosan particles. Interestingly, removal of sialic acid 
from human erythrocytes does not lead to alternative 
pathway activation. Thus additional control mechanisms 
are operative on human cells, some of which are discussed 

subsequently. 



Role of Immunoglobulin 

No obligate role for antibody exists in the activation of 
the alternative pathway, but immunoglobulin can exert a 
strong modulating influence on this system <67). Aggre- 
gated human myeloma proteins of the IgG, IgM, IgA, and 
IgE classes are capable of activating the alternative path- 
way (68). Soluble and particulate antigen-antibody com- 
plexes formed of IgG from several mammalian species 
and intrinsically nonactivaung antigens have also been 
shown to activate the alternative pathway, and this can 
be shown to occur without classical pathway participa- 
tion. Additionally, sensitization with specific IgG signif- 
icantly augments the rate and/or extent of alternative 
pathway activation by intrinsically activating surfaces. 
This effect is independent of the Fc portion of the IgG 
molecule and has been observed to occur with both 
F(ab')2 and Fab fragments. 

The mechanisms whereby IgG influences the alterna- 
tive pathway are several. IgG is an excellent acceptor of 
nascent C3b, the majority of which binds to a site in the 
heavy chain and probably within the Fd fragment (69). 
Thus antibody may enhance the deposition of C3b and 
the rate of formation of new C3 and C5 convertases by 
providing additional acceptor sites on a sensitized sur- 
face. Alternatively, antibody may function by masking 
sialic acid residues that would normally inhibit alternative 
pathway activation, as has been shown using antibodies 
to the capsule of group B streptococci (70). Finally, data 
suggest that C3b covalently bound to IgG is less suscep- 
tible to inactivation than free C3b or C3b bound to a non- 
immunoglobulin acceptor protein (71). This appears to be 
due to a reduced affinity of factor H for C3b bound to 
IgG. The relevance of this finding to surface-bound C3b 
remains to be established, but it may in part explain the 
observed relative resistance of C3b bound to IgG-bearing 
soluble antigen-antibody complexes to the action of fac- 
tors H and I (72). 

An interesting autoantibody has been shown to influ- 
ence alternative pathway activation in a manner quite dif- 
ferent from those previously discussed. This antibody, 
termed C3 nephritic factor (C3NeF), was discovered in 
the sera of patients with membranoproliferative hypocom- 
plementemic glomerulonephritis and was subsequently 
shown to be present in some individuals with partial lipo- 
dystrophy (73). C3NeF is an IgG anti body s pecific for the 
a lternat ive pathway C3 convertase, C3bBb. The complex 
C3bBbC3NeF is highly resistant to factor H-mediated dis- 
sociation and is thus capable of promoting unregulated C3 
consumption by the alternative pathway. 



Agents that Modify Alternative Pathway Activation 

There are a number of substances that have proved to 
be useful modulators of alternative pathway activation in 
the laboratory. These can be divided into two groups, 
those that promote C3 cleavage and those that inhibit C3 
cleavage. 
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One of the most widely used of such reagents is a 
140,000-dalton protein from cobra venom that is func- 
tionally analogous to C3b. This three-chain molecule, 
termed cobra venom factor (CVF), is derived from the 
cobra's C3 (74). It can bind factor B, permit its cleavage 
by D, and form an alternative pathway C3 convertase. 
Unlike C3b, CVF is not inactivated by H and I and there- 
fore forms an unregulatable C3-cleaving enzyme. The un- 
regulated convertase is able to cleave C3 and factor B in 
the fluid phase until both proteins are essentially com- 
pletely consumed from serum. This activity of CVF has 
been used by investigators to deplete C3 both in vivo and 
in vitro and as a way of obtaining C3b. The extent of 
consumption of terminal complement components follow- 
ing CVF activation of the alternative pathway depends on 
the source of CVF. Cobra venom factor isolated from the 
venom of Naja naja kaoutha forms not only an unregu- 
lated C3 convertase but also an effective C5 convertase. 
C5 cleavage is followed by consumption of all the terminal 
components. Cobra venom factor from Naja haje venom, 
on the other hand, is incapable of C5 cleavage; thus its 
use leads to consumption of B and C3 but leaves terminal 
component levels unaffected. The molecular mechanism 
for these differences in CVF molecules has not yet been 
elucidated. 

Other agents that promote alternative pathway acti- 
vation include suramin, a drug used in the treatment of 
African trypanosomiasis, and K-76 monocarboxylic acid, 
a product of the fungus Stachybotrys complementi K-76 
(75,76). Both inhibit cleavage of C3b by factors H and I, 
albeit by different mechanisms. 

Agents that inhibit alternative pathway activity include 
heparin and gold sodium thiomalate, both of which appear 
to increase the affinity of C3b for factor H (77,78). Fluid- 
phase heparin also appears to be capable of "masking" 
a portion of surface-bound C3b residues and preventing 
their interaction with factor B. Complestatin, a product 
of Streptomyces lavendulae, inhibits alternative pathway 
activation by combining with factor B in a manner that 
blocks its interaction with C3b. Recently, a macromole- 
cular product of Aspergillus fumigatus has been identified 
which inhibits alternative pathway activation by as yet 
unclear mechanisms (79). In addition, a membrane gly- 
coprotein encoded by herpes simplex type 1 virus has 
been shown to modulate both the alternative pathway C3 
convertase and C3-C5 interactions (80). This may result 
in enhanced resistance of the virus to neutralization in 
serum (81). 



THE CI BYPASS PATHWAY 

There is a third pathway of complement activation, dis- 
covered by the use of C4-deficient guinea pig serum. In 
this pathway, although no classical pathway C3 conver- 
tase is formed, CI activation is required for activation of 
the complement cascade. Therefore this pathway has 
been called the CI bypass pathway (82). Although the 
mechanism for this effect is unknown, one possibility is 
that activated CI replaces D (albeit inefficiently) in con- 



centrated C4-deficient serum. Initiation of complement 
activation via this pathway requires a large amount of 
antibody. The molecular natures of the C3 and C5 con- 
vertases in this pathway are unknown. Recently, this 
pathway has been shown to be responsible for the lysis 
of Giardia lamblia as well as several bacterial species (83). 

TERMINAL COMPLEMENT COMPONENTS AND 
THE LYTIC MECHANISM 

A detailed understanding of the molecular interactions 
of the terminal components C5 to C9 has developed over 
the last two decades. It is known that biologic activity of 
C5 requires cleavage of the C5 molecule into two frag- 
ments, C5a and C5b, by an enzyme derived from the C3 
convertase. The C5a fragment has potent independent bi- 
ologic activity which is considered later. The C5b portion 
combines sequentially with C6, C7, C8, and C9 to form 
a macromolecular complex that is capable of damaging 
biologic and artificial membranes and causing cell lysis 
by the creation of a hydrophilic transmembrane pore or 
channel (84,85). In addition, a phenomenon known as re- 
active lysis has been described, in which the isolated met- 
astable C5b6 complex can be used to initiate formation 
of the terminal complex on surfaces without a concomi- 
tant requirement for earlier components. This reaction 
has provided a useful tool for identifying potentiators and 
inhibitors of terminal complex formation (86). The most 
intensive areas of investigation have focused on the exact 
molecular composition of the C5b-9 complex, the bio- 
chemical nature of attachment of this complex to mem- 
branes, and the functional and biochemical characteristics 
of the lytic complement lesion. After much debate, most 
workers in the field agree that complement lysis is due to 
the formation of a stable, hydrophilic transmembrane 
channel, as predicted by the "doughnut model" of Mayer 
et al. (85). There is now a general consensus that com- 
plement lysis of cells results because the terminal com- 
plex creates membrane channels that are large enough to 
permit exchange of small molecules and ions but too small 
to permit release of macromolecular cytoplasmic con- 
stituents. Due to the Donnan effect, water enters the cells 
through such channels causing the cell to swell and burst. 

A large body of literature now substantiates that during 
formation of C5b-9, the complex inserts into the lipid bi- 
layer of membranes. Evidence includes the observations 
that (a) hydrophobic domains are exposed within the 
forming C5b-9 complex, (b) phospholipids are released 
from target membranes during complement attack, (c) the 
attached C5b-9 complex cannot be eluted from mem- 
branes by ionic manipulations or aqueous-phase proteases 
but instead requires detergent for extraction, (d) conduc- 
tivity changes are detected across planar lipid bilayers 
attacked by the terminal complex, and (e) constituents of 
C5b-9 can be labeled by membrane probes that localize 
exclusively within the hydrophobic core of lipid bilayers. 

Initiation of C5b-9 Formation: CS and 
the C5 Convertase 

Initiation of membrane attack complex (MAC) forma- 
tion requires cleavage of C5. C5 is a p-globulin glycopro- 
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tein comprising a 115,000-dalton ot-chain disulfide linked 
to a 75,000-dalton £ chain. Considerable sequence and 
structural similarity exists between C3, C4, and C5, but 
the latter lacks a thioester and does not form convalent 
bonds with target surfaces (51). Physiologic cleavage of 
C5 produces a 1 85 ,000-dalton C5b fragment and an 1 1 ,000- 
dalton C5a peptide. In cellular systems, the hemolytically 
active C5b remains cell associated whereas the smaller 
C5a fragment is released into the fluid phase. Recent data 
suggest that release of C5a is accelerated by interactions 
of C6 and C7 with newly cleaved C5 (87). 

C5 is cleaved by enzymes formed during both alter- 
native and classical pathway activation. Th e C5 co nver- 
tase enzyme of the classical pathway is the C4b2a3b com- 
plex. Enzymatic activity resides in the C2a molecule 
within the complex. The enzymatic site f or C5 c leavage 
by the alternative pathway convertase, (C3b) 2 Bb, is con- 
tained within 55. In both the classical and alternative 
pathway C3 convertases, physical decay of the enzymatic 
subunit from the complex results in loss of C5 convertase 
activity. Cleavage of C5 by either convertase results in 
identical fragmentation of the molecule. In each conver- 
tase, C3b binds native C5, exposing the site of enzymatic 
cleavage. Current data indicate that C3b covalently at- 
tached to C4b is the relevant C5-binding site in the clas- 
sical pathway enzyme (88). Recent evidence suggests that 
there are two molecular forms of cell-bound C3b in the 
alternative pathway C5 convertase. One molecule ap- 
pears to function like C4b in the classical pathway con- 
vertase, and one molecule is analogous to C3b of the clas- 
sical pathway enzyme. The C3b serving as a C4b analog 
binds IB, maintaining it in an enzymatically active con- 
figuration. Fluid-phase C3b can also function as a binding 
site for C5, with subsequent cleavage by a fluid-phase 
enzyme complex. It is likely that the major requirement 
for effective cell surface C5 binding and cleavage is a high 
local concentration of C3b. 

There is a linear relationship between the number of 
cell-bound C5 convertase complexes and subsequent C5 
uptake. However, under conditions in which all C5 he- 
molytic activity is consumed, only a small percentage of 
C5 binds to the activating surface. Morever, cell-bound 
C5b rapidly loses hemolytic activity despite a substan- 
tially slower rate of loss of C5 antigen from the cell sur- 
face. Thus it appears that cell-bound C5b undergoes a 
rapid conformational change that renders it hemolytically 
inactive. The nature of the change is still unclear. As dis- 
cussed in more detail later, the presence of C6 and C7 
increases the uptake of C5 onto membrane surfaces and 
stabilizes the hemolytic activity of the cell-bound C5b. 



Noncomplement-Mediated CS Cleavage 

A large number of noncomplement proteases produce 
cleavage of C5 to yield biologically active peptides. A 
detailed review of these reactions is beyond the scope of 
this chapter but has been well summarized (89). Briefly, 
trypsin, plasmin, polymorphonuclear leukocyte proteases 
such as elastase and cathepsin G, macrophage and platelet 



proteases, and bacterial enzymes have been shown to 
cleave native C5 into biologically active peptides. It is 
now clear that the fragments produced by trypsin cleavage 
of C5 are not equivalent to the fragments formed when 
C5 has been cleaved by a C5 convertase. Specifically, C5a 
is not produced, although a C5a-like biologic activity is 
generated. The anaphylatoxic and chemotactic activity of 
trypsin-cleaved C5 resides in fragments that remain di- 
sulfide linked to the high-MW, C5b-like polypeptide. 



C5b6 and Reactive Lysis 

C6, the next molecule in the cascade, is a p 2 -globulin 
with a molecular weight reported between 105,000 and 
128,000 daltons. Its structure is stabilized by numerous 
intrachain disulfide bonds (90). C5b and C6 can form a 
stable complex in serum that retains its ability to interact 
with cell membranes over time. With the addition of CI, 
C8, and C9, the C5b6 complex can lyse unsensitized 
erythrocytes and certain other cells in the absence of the 
antecedent components, a phenomenon known as reac- 
tive lysis (86). The conformational alterations in C5b 
which enable interactions with C6 are very short-lived, 
and C5 cleavage must occur in the presence of C6 for 
effective C5b6 complex formation to occur. 

The biochemical characteristics of the C5b6 molecule 
have been defined (91). The complex has an S rate of 10.4 
to 11.5, a MW of 328,000 to 330,000, and in its hemolyt- 
ically active form contains a single molecule each of C5b 
and C6. The electrophoretic mobility of the isolated com- 
plex is indistinguishable from that of C5 (pi) but faster 
than that of C6 (p 2 ). The C5b6 complex expresses a new 
antigenic determinant (neoantigen) that is not present on 
either C5 or C6 and is presumably related to conforma- 
tional changes in the C5b and C6 molecules during com- 
plex formation (92). 



C7, Formation of C5b67, and Inhibitors of CSb67 

C7 has physical characteristics very similar to C6 and 
exhibits extremely high affinity for the C5b6 complex. It 
is reported to have 23 to 30% sequence homology with 
the later-acting components C8 and C9 (93). Attachment 
of C7 to newly formed C5b6 occurs very rapidly via hy- 
drophobic interactions and results in the formation of a 
labile fluid-phase complex that aggregates and loses ac- 
tivity if not attached to acceptor surfaces. The C5b67 
complex expresses a unique second neoantigen that dif- 
fers from that of C5b6. This trimolecular complex rep- 
resents the first product of complement activation to sta- 
bly insert into the lipid bilayer of target membranes (94). 
The activity of the complex is very evanescent at phys- 
iologic temperatures and membrane insertion is inefficient 
(less than 1%) unless the target is sensitized with C3b. 
The presumptive mechanism of the C3b effect is binding 
of C5b to C3b, thereby promoting C5b67 formation close 
to the target surface and increasing the likelihood of sub- 
sequent hydrophobic interactions (95). 
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A number of substances have been defined that act on 
C5b67 reversibly in the fluid phase to prevent attachment 
to bystander erythrocytes during the short time that the 
hydrophobic binding site of C5b67 is available. One class 
of inhibitors includes the low-density lipoproteins and 
serum S protein, each of which presumably binds to the 
nascent hydrophobic membrane-binding site on C5b67 
and blocks subsequent interaction of the complex with 
target membranes. A second class of inhibitors includes 
various polyanions such as heparin, dextran sulfate, and 
DNA. On the other hand, histones and polycations en- 
hance the lytic activity of C5b67 for bystander erythro- 
cytes. The mechanisms by which these inhibitors and po- 
tentiators act are still unclear, but presumably they 
function by modifying ionic or charge interactions of C5b6 
or C5b67 with the target membrane. It has also been sug- 
gested that C8 limits the activity of C5b67 by preventing 
the attachment of the fluid-phase complexes to target 
membranes. Thus C8 serves a dual role in complement- 
mediated cytolysis and represents a point of internal reg- 
ulation in the late steps of the complement attack se- 
quence. 



C8 

C8 is a three-chain 7-globulin with a and p subunits of 
64,000 daltons and a smaller 7 chain of 22,000 daltons. 
The a and p chains differ in sequence despite their iden- 
tical molecular weights (93,96). The a and 7 chains form 
a disulfide-linked heterodimer which associates noncov- 
alently with p chain in serum, where the complex exists 
as an equilibrium mixture. A single molecule of C8 can 
interact via its p chain with each C5b67 complex and this 
interaction has an extremely high affinity constant similar 
to that of C7 uptake by C5b6. When C8 binds to C5b67 
on a membrane, the C8 7 chain is inserted into the hy- 
drophobic regions of the phospholipid bilayer as assessed 
by labeling with hydrophobic photoreactive probes and 
inaccessibility to proteases. Insertion of C8 a chain 
through the lipid bilayer constitutes a lesion sufficient to 
initiate erythrocyte lysis, leakage of radiolabeled solutes, 
and significant increases in membrane conductivity (84). 
Target lysis by C5b-8 complexes is slow, however, and 
the hydrophilic lesions which are apparently formed are 
both small (0.4 to 3 run) and unstable. Dramatic enhance- 
ment of lytic efficiency occurs on addition of the next 
component, C9. 



C9 

C9 is a single-chain a-globulin of 71,000 daltons. It is 
composed of two distinct domains. The smaller, C9a, is 
rich in acidic residues and hydrophilic. The larger domain 
of 37,000 daltons, C9b, is enriched for hydrophobic res- 
idues, although the deduced amino acid sequence does 
not include a single extended hydrophobic region similar 
to those of typical transmembrane proteins (94). Both C9a 
and C9b contain multiple intrachain disulfides which ap- 



parently do not cross domain boundaries. Antibodies elic- 
ited by denatured C9b are cross-reactive with C6, C7 , and 
C8 a chain, as well as the pore-forming protein perforin, 
isolated from cytotoxic lymphocyte granules. Thus these 
proteins may have similar structures responsible for their 
hydrophobic interactions (94). 

C9 has the capacity to polymerize, and purified C9 can 
be induced to do so by prolonged 37°C incubation. Po- 
lymerization is accompanied by elongation of the mole- 
cule, display of a distinctive neoantigen, an increase in 
surface hydrophobicity, and the appearance of free 
sulfhydryl groups. These latter participate in interchain 
disulfide bond formation, to produce C9 dimers. Poly- 
merized (or "poly") C9 forms highly ordered tubular 
structures. These have a length of approximately 16 nm 
and an internal diameter of approximately 10 nm. One end 
bears a thickened annulus, while the other is hydrophobic 
and readily inserts into phospholipid bilayers. The aver- 
age molecular weight of poly C9 is 1.1 X 10 6 daltons, but 
the complexes are heterogeneous and may contain 11 to 
19 C9 monomers, although the more common forms con- 
tain 14 to 16 (84,94,97). 



CHARACTERISTICS AND COMPOSITION OF 
THE FLUID-PHASE AND MEMBRANE-BOUND 
MEMBRANE ATTACK COMPLEX (MAC) 

There is still controversy surrounding the details of 
complement lysis (84,94,97). In most situations the attack 
mechanism of complement requires the participation of 
C5b, C6, C7, C8, and C9 as a macromolecular complex 
with a molar composition of lC5b:lC6:lC7:lC8:3— 6C9. 
A stable fluid-phase 22.5S complex with a MW of 1 .04 x 
10 6 with the electrophoretic mobility of an a-globulin and 
containing C5b-9can be demonstrated after incubation of 
serum with alternative or classical pathway activators. 
The complex assembled in the fluid phase has no activity 
but is able to inhibit lysis of EAC,_g by C9, presumably 
because the fluid-phase complex, with a molar ratio of 
lC5b:lC6:lC7:lC8:3C9, binds additional C9. Such com- 
plexes also contain three molecules of an additional pro- 
tein, S protein (97). S protein circulates as a normal con- 
stituent of serum at a concentration of 600 u.g/ml. This 
protein binds to the nascent hydrophobic binding site of 
C5b67 during formation of fluid-phase terminal compo- 
nent complex, thereby destroying its lytic activity and 
preventing its aggregation. 

The physical characteristics of the membrane-bound 
MAC (C5b-9) have been studied following extraction from 
erythrocyte membranes by nonionic detergents. The com- 
plex within the membrane behaves like an intrinsic or in- 
tegral membrane protein since it cannot be extracted with 
high ionic strength buffers or EDTA. This observation 
provided some of the first evidence that the MAC asso- 
ciated with the membrane through hydrophobic interac- 
tions. The dimensions of the extracted complex as de- 
termined by electron microscopy suggested the presence 
of monomeric C5b-9 complexes with an estimated MW 
of 1 x 10 6 . However, others have since reported that the 
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membrane-bound form of the terminal complex is a C5b- 
9 dimer or consists of monomelic, dimeric, and trimenc 
forms, and the MAC may in fact have a heterogeneous 
size distribution. 

Analysis of both cell-bound and fluid-phase C5b-9 com- 
plexes has suggested that they contain a disulfide-linked 
dimer of C9. Such C9 dimers may serve an important func- 
tion in cell lysis by facilitating dimer formation of the en- 
tire C5b-9 complex, thus enhancing membrane disruption. 
However, this hypothesis remains to be proved. 

Electron microscopic studies of the lytic complement 
lesion using the negative stain technique demonstrated 
that the lesion has the appearance of a doughnut, with an 
annular rim of 15 nm in diameter and a central, electron- 
dense region of 10 to 11 nm in diameter raised above the 
membrane (Fig. 4) (98). More detailed examination of the 
detergent-extracted complex from erythrocyte mem- 
branes has led to a model in which the complex contains 
a cylindrical stalk of 15 to 16 nm in length constituting 
the portion of the complex that is embedded into the hy- 



drophobic core of the membrane. The annulus or torus 
of the complex projects above the membrane by at least 
10 nm (Fig. 4), has an external diameter of 20 to 25 nm, 
and an internal diameter of 10 to 11 nm for human com- 
plement and 8.5 to 9.5 nm for guinea pig complement. 
When the isolated complex is reincorporated into lipid 
vesicles, the cylindrical axis of the complex is oriented 
perpendicularly to the membrane, and the annulus is lo- 
cated external to the vesicle (Fig. 4). 

The interpretation of the electron microscopic appear- 
ance of the terminal complex has been modified in light 
of data developed by Podack and Tschopp (review in ref. 
97) Based on the remarkable similarities between poly 
C9 and extracted MAC formed in C9 excess, these in- 
vestigators have proposed that the membrane-bound 
MAC is composed largely of poly C9, with more limited 
participation of C5b678. Studies with membrane-re- 
stricted hydrophobic photoreactive probes are consistent 
with this view, since addition of C9 to membranes bearing 
C5b678 appears to reduce the exposure of the C5b678 to 
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the hydrophobic milieu. C5b678 complexes in membranes 
bind C9 with extremely high affinity and with stoichiom- 
etrics consistent with poly C9 formation (12-15C9:1C8). 
The resultant complexes appear to contain C5b and the 
C8 p chain in a rodlike 17-nm projection, while C6, C7, 
C8a--y , and C9 are associated with the tubular lesion itself. 

The formation of tubular poly C9 is not, however, a 
sine qua non for expression of the lytic properties of C5b- 
9 complexes. Functional transmembrane lesions are 
formed by complexes bearing numbers of C9 molecules 
well below that required for poly C9 formation, and the 
functional diameter of such channels is roughly propor- 
tional to the number of C9 molecules in the complexes 
(100). Furthermore, thrombin-cleaved C9, which cannot 
form poly C9, remains capable of supporting complement- 
mediated cytolysis. Thus while poly C9 formation may 
have an important role in the genesis of the classical MAC 
structure, the nature of the minimal effective lytic C5b-9 
complex remains to be resolved. 



CELLULAR COMPLEMENT RECEPTORS 

Many of the biologic functions of complement are me- 
diated by interaction of complement cleavage fragments 
with specific cell membrane receptors. The interaction of 
these complement component products with their recep- 
tors triggers a series of complex biochemical responses 
within the cells (101-103). Some of these fragments, such 
as C3b, iC3b, and C3dg, are bound to the site of com- 
plement activation on a target particle. The interactions 
of these target-bound components with their cellular re- 
ceptors is thought to trigger a number of specific re- 
sponses such as phagocytosis by neutrophils and mac- 
rophages, or B lymphocyte activation. Complement 
activation also generates several smaller peptides, C3a, 
C4a, and C5a, that are released into serum or extracellular 
fluid. This group of three polypeptides constitutes the 
complement-derived anaphylatoxins. 



Anaphylatoxins and Their Receptors 

The binding of these released polypeptides to specific 
cell surface receptors leads to a series of cellular re- 
sponses important to the initiation and maintenance of the 
inflammatory process. 

C3a is released on cleavage of C3 by either the classical 
or the alternative pathway C3 convertase. It is a 9,000- 
dalton, nonglycosylated protein with a pj of 9.7. C3a con- 
stitutes the N terminal 77 amino acids of the C3 a chain 
(104,105). Receptors for C3a have been identified on mast 
cells and basophils, smooth muscle cells, lymphocytes, 
and perhaps platelets. Engagement of the C3a receptors 
on mast cells or basophils induces degranulation, with 
release of histamine and other mediators of anaphylaxis; 
thus the name anaphylatoxin. Binding of C3a to tissue 
preparations induces contraction of smooth muscle cells. 
Whether smooth muscle contraction is mediated directly, 
or secondarily by histamine, is unclear. Although ileal 



contraction in response to C3a can be blocked by anti- 
histamines, uterine contraction cannot (105,106). In vitro 
studies have also shown that C3a induces the secretion 
of mucus by goblet cells, another important feature of 
allergic and anaphylatoxic responses. 

C5a, the "classic" complement anaphylatoxin, is an 
11,000-dalton protein that represents the N terminal 74 
amino acids of the C5 a chain. Approximately 25% of its 
MW is contributed by a single asparagine-linked oligo- 
saccharide (104,105). Interestingly, the human peptide is 
heavily glycosylated but C5a from certain other species, 
such as the pig, has little or no carbohydrate. The function 
of the carbohydrate is unknown. In many systems re- 
moval of the carbohydrate leaves the activity of C5a un- 
altered. C5a is approximately 200-fold more potent as an 
anaphylatoxin than is C3a. Part of its anaphylatoxic effect 
is mediated by direct binding to a specific receptor on 
basophils and presumably mast cells. Part of its effect is 
indirect, mediated via binding to neutrophils which pre- 
sumably then release a mast cell degranulation-inducing 
substance. C5a and C3a both show tachyphylaxis. Cells 
stimulated with one of these peptides will respond less 
well to a second stimulation with the same molecule. They 
will, however, respond to stimulation by the other ana- 
phylatoxin. This is taken to indicate that each peptide 
binds to its own distinct and specific receptor. In addition 
to its anaphylatoxic effects on mast cells and smooth mus- 
cle, C5a also has histamine-independent effects on en- 
dothelium, causing increased vascular permeability. C5a 
also induces the directed locomotion (chemotaxis) of neu- 
trophils and monocytes. The chemotactic receptor on 
these cells for C5a has been well studied (107). Binding 
of C5a to its receptor has a dissociation constant of 2 to 
3 nM, and there are about 2 x 10 s C5a receptors per 
neutrophil (108). In its ability to promote chemotaxis, C5a 
is quite different fromC3a, which apparently has no effect 
on leukocyte chemotaxis. C5a has a number of other im- 
portant effects upon neurotrophfls, causing increased ad- 
hesiveness, aggregation, and adherence to endothelium, 
and also triggering both degranulation and oxidative burst 
activity (109). 

C3a and C5a have also recently been shown to have 
important and opposite effects on in vitro immunoglobulin 
production by human lymphocytes. C3a suppresses and 
C5a enhances immunoglobulin secretion; both apparently 
act at the level of the T cell, presumably through receptor- 
mediated mechanisms. 

A third peptide generated during complement activa- 
tion, C4a, has only recently been shown to possess an- 
aphylatoxic activity. It is a nonglycosylated, cationic pep- 
tide of 8,650 daltons. It is 100-fold less potent as an 
anaphylatoxin than C3a and 25,000-fold less potent than 
C5a. Its potential effects on neutrophils and lymphocytes 
have not been examined. Interestingly, C4a can elicit 
cross-tachyphylaxis to C3a, but not C5a, in guinea pig 
ileum. This suggests that C4a and C3a may act through 
the same receptor. 

All the complement anaphylatoxins are rapidly cleaved 
in serum by the action of carboxypeptidase N, which re- 
moves the carboxy terminal arginine shared by all three 
molecules (104,105). The loss of the C terminal arginine 
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destroys the anaphylatoxic activity of all three molecules. 
However, C5ad es arg, although about 10-fold less potent 
than native C5a, does retain some chemotactic activity. 
A 60,000-dalton noncomplement serum protein called 
helper factor has been identified which, on binding to 
C5a<ies arg, further increases its chemotactic activity with- 
out restoring anaphylatoxin activity (109). This protein 
may act to distort or obscure the carbohydrate present on 
C5a<ies arg since deglycosylated CSaaes arg has been shown 
to be 10-fold better as a chemoattractant than unmodified 

C5ade S arg. 



Integral Membrane Proteins that Regulate 
Complement Activity 

One of the most important developments in comple- 
ment research over the past 20 years has been the rec- 
ognition of a series of integral membrane proteins present 
on cellular surfaces that regulate complement activation, 
degradation, and biologic activity. In many cases these 
proteins also function as membrane receptors. The bind- 
ing of ligand to these receptors influences the activity or 
state of differentiation of the cells on which they reside. 



The Receptors for Target-Bound Fragments of C3: 
CR1, CR2, CR3, and CR4 

The best-studied cellular receptors for complement 
components are those involved in complement enhance- 
ment of the phagocytosis of bacteria, yeast, antibody-sen- 
sitized erythrocytes, and other particles. It has been 
shown that receptors for several C3 fragments are of great 
importance in phagocytosis. The discovery of cellular 
complement receptors is credited to Nelson in 1950. Al- 
though earlier reports are replete with examples of fresh 
serum promoting binding of particles to phagocytic cells, 
Nelson showed that neutrophil phagocytosis of Trepo- 
nema pallidum and Streptococcus pneumoniae sensitized 
by antibody and complement was more efficient in the 
presence of human erythrocytes (110). This erythrocyte 
enhancement of phagocytosis was thought to occur be- 
cause complement-coated bacteria were immobilized on 
the surface of the red cells and thus more easily engulfed. 
Ultimately, this red cell binding of bacteria was shown to 
occur because of the interaction of organism-bound C3b 
with a specific C3b receptor on the erythrocytes, a phe- 
nomenon known as immune adherence. All primate eryth- 
rocytes possess immune adherence (C3b) receptors; al- 
though nonprimate erythrocytes do not have this 
receptor, a functionally equivalent receptor exists on the 
platelets of nonprimate vertebrate species. Receptors for 
C3b have also been demonstrated to exist on B lympho- 
cytes, some T lymphocytes, monocytes, and neutrophils 
as well as mast cells, eosinophils, basophils, and glo- 
merular podocytes (102). The C3b receptors on all blood 
cells are antigenically identical but the receptor isolated 
from granulocytes has a slightly higher molecular weight 
on gel electrophoresis. The isolated C3b receptor glyco- 



protein is found in a series of genetically determined po- 
lymorphic forms and varies in size from 190 to 280 kd (see 
section on molecular biology). Its configuration in the cell 
membrane is unknown, although some evidence suggests 
that it exists in the form of a hexamer or pentamer. The 
C3b receptor, in order to distinguish it from membrane 
receptors for other C3 fragments, is termed CR1. There 
are 300 to 1 ,000 CR1 on each erythrocyte and about 5,000 
to 30,000 CR1 per cell for the various leukocytes, as de- 
termined by binding of specific anti-receptor monoclonal 
antibody. Since there are about 1,000 times as many 
erythrocytes as leukocytes in the blood, this implies that 
over 90% of circulating CR1 are on erythrocytes. CR1 
binds C3b with a much higher affinity than native C3, 
perhaps as much as 1,000-fold higher (63). Hence, the 
interaction of a C3b-coated particle or immune complex 
with the C3b receptor is not blocked by free serum C3, 
allowing C3b to play an important role in phagocytic pro- 
cesses and the catabolism of immune complexes. CR1 is 
freely diffusible in the membrane of all unactivated cells 
and when cells are extracted with nonionic detergents 
CR1 remains in the detergent-soluble fraction, suggesting 
that it is not associated with cytoskeletal elements. Pre- 
sumably, in erythrocytes the molecule retains this con- 
figuration. On phagocytes, activation of the cell with 
lymphokines, phorbol esters, or a number of other soluble 
immunomodulators leads to clustering and ultimately cap- 
ping of the receptor. It becomes detergent-insoluble, sug- 
gesting cytoskeletal attachment (111). Moreover, the re- 
ceptor is endocytosed. Some data suggest that such 
endocytosis actually represents cycling of the receptor to 
an internal pool with subsequent return of the receptor to 
cell surface (112). If monomer ligand (C3b) is bound to 
the receptor, it too returns to the cell surface in unaltered 
form. However, internalized dimeric or multimeric C3b 
is transferred from the CRl-containing compartment to 
other compartments within the cell, where it is ultimately 
catabolized. Evidence obtained with phorbol ester-stim- 
ulated cells suggests that CR1 is rapidly phosphorylated 
and that phosphorylation is reversed after 30 min of in- 
cubation with the stimulant. Other stimuli, like the 
chemotactic peptide f-met-leu-phe, also cause phospho- 
rylation although, unlike phorbol esters, they do not in- 
duce ingestion of targets such as C3b-coated red cells. 

The binding of a C3b-coated target to CR1 does not 
itself initiate phagocytosis by a resting phagocyte. A sec- 
ond signal is generally required to initiate the phagocytic 
process (1 13). This signal can be provided by a few mol- 
ecules of IgG bound to the target interacting with IgG Fc 
receptors on the cell membrane. It can also be provided 
by various activation signals that appear to take the cell 
from a resting state to an activated state. Such activation 
signals can be provided by factors released during chronic 
infection, fibronectin or laminin acting on mononuclear 
phagocytes, activators of the phosphoinositide metabolic 
pathway, and phorbol esters (103). 

In addition to its role in phagocytosis, CR1 plays a crit- 
ical role in the C3 degradative pathway. Upon binding of 
C3b to CR1, it becomes accessible to the action of factor 
I. In this respect it acts like fluid-phase factor H; however, 
the product of this interaction is not the fragment iC3b 
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mentioned earlier (see Fig. 3). In contrast, cleavage pro- 
ceeds beyond the iC3b step to yield a further degradative 
product, C3dg (102,114). CR1 also facilitates the degra- 
dation of C4b by factor I, leading to the formation of a 
cleavage fragment, C4d, bound to the target surfaces. 
CR1 is believed to play a critical role in the processing of 
immune complexes. These appear to arise in the circu- 
lation quite commonly, for example, during the course of 
a viral infection, and are potentially quite toxic. It appears 
that the binding of C3b to these immune complexes is 
important in their ultimate removal from the circulation. 
Upon activation, C3b tends to bind to immunoglobulin 
(see previous discussion). Once immunoglobulin bound, 
the C3b tends to resist further degradation by factors H 
and I (71,114). The C3b will interact with adjacent cells 
with C3b receptors, and the bulk of CR1 receptors in the 
circulation are on erythrocytes. Such interaction leads to 
effective removal of the immune complexes from the 
plasma by adsorption to the erythrocyte surface, and the 
complexes can no longer diffuse from the intravascular 
compartment into tissue sites to induce damage. The C3b- 
containing immune complexes bound to erythrocytes cir- 
culate to the liver where they are stripped off the eryth- 
rocytes by macrophages within the hepatic sinusoid (1 15). 
The erythrocytes, now free of immune complexes, return 
to the circulation where they continue to circulate with a 
normal half-life. Interestingly, they appear to lose some 
membrane CR1 in this process, and states associated with 
the presence of high levels of circulating immune com- 
plexes are characterized by circulating erythrocytes with 
decreased numbers of CR1 (116). 



CR3, CR4, and CD18 Family of Proteins 

The product of C3b cleavage by factors H and I is a 
three-chain molecule, iC3b (see Fig. 3). There are recep- 
tors for iC3b on a variety of cell types including PMNs, 
monocytes, lymphocytes responsible for antibody-depen- 
dent and NK cellular cytotoxic activity, and mast cells 
(102,103). The iC3b receptor (termed CR3 or Mac-1) is 
functionally the best characterized of all the complement 
receptors. It is a two-chain molecule with a 150-kd a chain 
and a 95-kd 0 chain. This receptor is part of a family of 
such proteins, each with a distinct a chain, which all share 
the same (3 chain. Other members of this family (CD18) 
include LFA-1 (lymphocyte function antigen- 1) and p 150- 
95, another C3-binding molecule now thought to represent 
CR4. The function of the p chain appears to be to direct 
insertion of the complex into the cell membrane (117). A 
portion of the cellular CR3 content resides within granules 
in neutrophils and is translocated to the cell surface when 
the cell is activated. The location of the receptor within 
the neutrophil has been reported by many workers to be 
the specific granule. However, a portion of the receptors 
may reside in another, more poorly defined, granule com- 
partment that also contains the enzyme gelatinase. CR3 
is quite specific in terms of ligand binding; in the presence 
of Ca 2+ and Mg 2+ ions, it will bind iC3b but does not 
recognize C3b. C3dg or C3d are bound weakly. It is re- 



ported that the receptor recognizes in part a characteristic 
arginine, glycine, asparagine (RGD) sequence in the a 
chain of C3, but that yet another binding site on the mol- 
ecule is required for stable binding. The receptor is also 
reported to have conglutinin-like properties, binding to 
carbohydrate on C3 via a lectinlike interaction. This may 
represent the additional binding site (103). Like many re- 
ceptors that recognize the RGD sequence, this receptor 
is reported to be important in cellular adherence and cells 
deficient in the receptor have a major adherence defect. 
A group of children have been reported who lack or have 
very low levels of the CD18 family of glycoproteins on 
their cell membranes. The phagocytes of these children 
ingest particulate targets poorly and also have multiple 
defects in other adherence-dependent functions. As a re- 
sult of this deficiency, the children have frequent soft tis- 
sue and cutaneous infections with a variety of bacterial 
pathogens, especially staphylococci and Pseudomonas 
aeruginosa (118). Ligands that interact with proteins of 
the CD18 family are reported to appear on endothelial 
cells when these cells are treated with certain lymph- 
okines, suggesting that the release of lymphokines facil- 
itates the attachment of immune effector cells to endo- 
thelium, which is the first step in emigration into areas of 
tissue inflammation. In the phagocytic process itself, CR3 
functions much like CR1, requiring a second signal for 
phagocytosis in the resting cell. 



CR2 and Other Complement Peptide Receptors 

This 140-kd integral membrane protein recognizes the 
physiologic C3 product formed upon interaction of CR1 
with C3b and factor I, C3dg. Elastase and other tryptic 
enzymes can cleave C3dg to a further degradative frag- 
ment, C3d, which is also recognized by CR2. This integral 
membrane protein is present on all B lymphocytes and 
epithelial cells and is reported to be important in providing 
the B lymphocyte with signals that stimulate cell cycling 
and differentiation (119). CR2 also serves as the cellular 
target for the binding of Epstein-Barr virus to B lym- 
phocytes. Its presence on epithelial cells is believed to be 
important in initial Epstein-Barr virus infections in which 
epithelial cells of the pharynx are first invaded. Although 
CR2 is not found on phagocytes, the C3dg or C3d frag- 
ments on a particulate target can facilitate binding and 
ingestion via interactions with CR3 and CR4. 

There are receptors for several other complement com- 
ponents that have been identified on various cell types, 
but their biologic importance is not yet understood. A 
receptor for factor H has been reported on B lymphocytes 
and perhaps granulocytes and monocytes. Preliminary 
characterization of this receptor has shown it to migrate 
as a single 50,000-dalton band on SDS-PAGE analysis 
under reducing conditions (120). Binding of factor H to 
lymphocytes via this receptor is said to trigger factor I 
release from the cells, and exposure of monocytes to fac- 
tor H increased NBT reduction and chemiluminescence. 
Lymphocytes, PMNs, and platelets also possess a recep- 
tor for Clq (121). There may be as many as 10 6 Clq re- 
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ceptors per neutrophil. The physiologic significance of 
this receptor is also unknown, but it is tempting to spec- 
ulate that it may have a role in adherence of classical 
pathway activators to phagocytic cells. Since the CI in- 
hibitor binds to Clr and Cls and causes their release from 
macromolecular CI , Clq may remain attached to the clas- 
sical pathway activator and be exposed to cellular recep- 
tors. Interaction of Clq with its receptor on monocytes 
and macrophages has also been shown to activate the cell 
to facilitate phagocytosis of both IgG-coated ligands and 
C3b/C4b-coated ligands. A macrophage receptor for Bb, 
which leads to macrophage spreading on glass or plastic 
surfaces, has also been reported. 



Decay-Activating Factor (DAD, Homologous 
Restriction Factor (HRF), and Membrane Cofactor 
Protein (MCP) 

These three membrane proteins do not act as typical 
receptors in that they do not promote the binding of a 
complement-coated target to the surface of cells express- 
ing these molecules (although evidence is accruing that, 
in certain cases, cellular activation signals may be deliv- 
ered by ligation of these glycoproteins). Nevertheless, 
these molecules do interact specifically with complement 
activation products and they play an essential role in pre- 
serving cellular integrity, preventing lysis of innocent by- 
stander host cells resulting from spontaneous or induced 
complement activation. 

Decay-accelerating factor (DAF) is a 70-kd membrane 
protein that is linked to the cell membrane by the dia- 
cylglycerol moiety of a phosphatidylinositol molecule 
which is covalently attached via a glycosidic linkage to 
the carboxy terminus of the protein (122) . DAF inhibits 
formation of the classical pathway C4b2a convertase by 
interacting with C4b and preventing C2 binding, and also 
by destabilizing the convertase once it forms and en- 
hancing its rate of decay. It also inhibits formation and 
promotes decay of the alternative pathway convertase, 
although it is somewhat less effective in this regard. DAF 
does not act as cofactor for cleavage of C3b or C4b (123). 
The molecule is present in the membrane of all blood cells 
and endothelial cells and exists in two forms, which differ 
in size and which are thought to result from alternative 
splicing of the terminal portion of the gene encoding DAF 
(124). One form of the protein is processed to provide the 
phosphoinositide membrane linkage and the other is trun- 
cated and released from the cell without the membrane 
anchor moiety. It is also reported that the form of this 
protein found in neutrophils is slightly heavier than that 
found in erythrocytes. Like HRF, this phospholipid-an- 
chored membrane-protective molecule is missing from the 
cells in patients with the disease paroxysmal nocturnal 
hemoglobinuria (PNH) (125,126). These abnormalities ap- 
pear to account for at least a portion of the exquisite com- 
plement sensitivity of erythrocytes in PNH and are likely 
responsible for chronic intravascular hemolysis in this dis- 
ease. 

Homologous restriction factor is a 65-kd regulatory pro- 



tein which is also phospholipid anchored and has been 
studied thus far on lymphocytes and erythrocytes, al- 
though it has been shown to be present on monocytes, 
neutrophils, and platelets as well (127,128). It interacts 
with both C8 and C9 of the membrane attack complex to 
prevent successful insertion of the complex through the 
membrane bilayer, thus protecting cells from the late-act- 
ing steps in complement attack. It derives its unusual 
name from the observation that, in the case of each spe- 
cies thus far studied, the factor recognizes and interacts 
with homologous C8 and C9 far better than heterologous 
C8 and C9. The presence of this factor in cell membranes 
would appear to explain the fact that complement proteins 
are far more effective at lysing cells of heterologous spe- 
cies than they are at lysing cells of the homologous spe- 
cies. HRF is also reported to inhibit the action of the 
cellular cytotoxin termed perforin or cytolysin, a mole- 
cule found in large granular lymphocytes which has sig- 
nificant homology to C9 and which has been reported to 
cause cell lysis (129). 

Yet another membrane protein termed membrane co- 
factor protein (MCP) or gp45-70 has been reported in the 
membranes of most blood cell types, but not erythrocytes. 
In addition, it is reported to be present on epithelial cells, 
fibroblasts, and endothelial cells. This protein binds to 
C3b and iC3b but does not appear to have sufficient af- 
finity to act as a complement receptor per se. It does, 
however, facilitate the factor I-dependent degradation of 
C3b to iC3b and may in fact be more efficient in this regard 
than any of the previously identified fluid-phase or mem- 
brane cofactors (130). Interestingly, it does not have 
decay-accelerating activity for either the C3 or C5 con- 
vertases. 



MOLECULAR BIOLOGY, SYNTHESIS, AND 
DEFICIENCIES OF COMPLEMENT PROTEINS 

Within the past decade the molecular biology of the 
complement system has come under intense scrutiny. 
DNA encoding nearly every component of the cascade, 
as well as regulatory factors and cellular receptors, has 
been cloned and sequenced. Chromosomal mapping of the 
complement genes and studies of the regulation of syn- 
thesis of several components have been performed with 
molecular probes. An encyclopedic review of these data 
is beyond the scope of this chapter and is available else- 
where (131). We treat several major themes which have 
emerged from these studies. 



The C3b/C4b Binding Protein Superfamily 

A large number of plasma and membrane proteins in- 
teract with C3b or C4b. These proteins are important in 
complement activation, regulation of the cascade, or as 
cellular receptors. They include factor H, C4BP, CR1, 
CR2, DAF, gp45-70 (MCP), C2, and factor B (132,133). 
A close relationship between these proteins was first sug- 
gested for the regulatory plasma proteins H and C4BP, 
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and the regulatory and membrane receptor protein CR1, 
on the basis of classical genetic techniques. By studies of 
electrophoretic polymorphic variants, the genes for H, 
CR1, and C4BP were found to be very closely linked in 
the human. As molecular probes and eventually full- 
length cDNA clones for these proteins have become avail- 
able, a gene superfamily has emerged. At least the CR1, 
CR2, C4BP, H, and DAF genes are located on the long 
arm of chromosome one in the human (134). More im- 
portantly, each member of this group has been shown to 
contain from 8 to over 30 short homologous repeating 
units approximately 60 amino acids in length. These re- 
peating units generally appear in sequence and occupy the 
amino terminal portion of the protein (133). There are 
eight or nine highly characteristic conserved amino acids, 
including four cysteines, as well as conserved hydropho- 
bic regions. The deduced structure of CR1 has shown its 
28 to 33 short consensus repeats to be organized into 
longer homologous repeats, each of which contains seven 
of the shorter segments. Duplication en bloc of one of 
these longer homologous repeating segments is thought 
to have given rise to at least one of the more common 
electrophoretic variants (103,131). The deduced structure 
of CR2 appears similar. The CR1, CR2, C4BP, and DAF 
genes are very closely spaced and share a higher degree 
of homology, while factor H is not as closely linked and 
is also more dissimilar in primary sequence (134). The 
C3b/C4b binding capacity and cofactor activity of these 
proteins have been explicitly shown to reside in the re- 
peating units in the case of H and C4BP, and this rela- 
tionship is presumed to hold true for the remainder of the 
family. While less well studied, the organization and 
structure of the murine C3b/C4b binding protein genes 
appear similar. 

C2 and factor B, which also bind and interact with C4b 
or C3b, each contain three of the typical short consensus 
repeats at their amino termini (133,135). The carboxy ter- 
minal ends of these proteins confer serine protease activ- 
ity. C2 and factor B are encoded on chromosome 6 in the 
human, within the major histocompatibility complex 
(MHC), and are discussed further later. Two other com- 
plement components, Clr and Cls, have also been found 
to have two of the homologous repeating units at the car- 
boxy terminal end of their noncatalytic heavy chains. Sev- 
eral noncomplement proteins: B 2 -glycoprotein 1, factor 
XIII, and the (p55 chain of) IL-2 receptor also contain 



several copies of the short homologous repeating unit. 
Careful studies of genomic clones for several proteins in 
this superfamily indicate that each short repeat may be 
encoded by a discrete exon. The functional significance 
of these structures and the factors underlying the pre- 
sumptive multiple gene duplications responsible for this 
family remain to be determined. 



The MHC-Linked Complement Genes 

The genes encoding C2, factor B, and C4 lie in a 120- 
kb stretch of DNA between the HLA-DR and HLA-B loci 
on chromosome 6 in the human (131) (Fig. 5). The C2 and 
factor B genes are less than 1 kb apart. These two genes 
demonstrate high primary sequence homology and each 
encodes several amino terminal short homologous repeats 
linked to a carboxy terminal serine protease domain as 
described previously. The exon structure of the DNA en- 
coding the protease domain of factor B and C2 is similar, 
but not identical, to that of other serine proteases. The 
C2 and factor B genes contain a unique exon encoding a 
region of polypeptide chain between the Asp and Ser res- 
idues of the active site that is not found in other serine 
proteases and share an overall 33% homology in their en- 
zymatic domains. Thus C2 and factor B almost certainly 
represent a gene duplication (135). 

Approximately 30 kb distant from the C2 and factor B 
genes lie two separate C4 loci, each associated with a gene 
encoding the noncomplement protein steroid 21-hydrox- 
ylase. The two C4 genes encode the two isotypic variants 
C4A and C4B. Fragments of C4A and C4B deposited on 
red cells are responsible for the HLA-linked Rodgers and 
Chido blood group antigens, respectively. The homology 
between C4A and C4B is approximately 99%, with per- 
haps as few as six amino acid substitutions defining the 
two isotypes. These isotypic variations are clustered in 
the portion of the C4 molecule which gives rise to the C4d 
fragment and contains the reactive thioester site (136). 
The functional consequence of the substitutions appears 
to be a predilection of C4A to form amide bonds with 
proteins, whereas C4B preferentially forms ester bonds 
with carbohydrate moieties. In studies of erythrocyte 
lysis, C4B is far more active than C4A. Multiple allotypic 
variants of each C4 isotype exist, so that a normal com- 




FIG. 5. A map of the MHC-linked com- 
plement genes (class III MHC gene prod- 
ucts) on the short arm of chromosome 6 
in the human. The arrangement of the 
HLA, A, B, C, and DR loci is shown rela- 
tive to the complement genes. The ex- 
panded 120-kb segment shows the rela- 
tive position and size of the C2, factor B, 
C4A and B, and 21 -hydroxylase (21- 
OHase) genes. Not drawn strictly to 
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plement of C4 genes may encode up to four distinct forms 
of the protein. Furthermore, null alleles at both loci are 
fairly common, and 10 to 15% of the normal population 
may carry at least one null (or Q0) C4 allele. About half 
of null alleles thus far examined result from large deletions 
which involve most or all of one C4 gene and an adjacent 
21 -hydroxylase gene. While less well documented, evi- 
dence is also accruing that a significant number of hap- 
lotypes in the general population may contain three C4 
loci. The high frequency of both large deletions and ap- 
parent duplications has led to the proposal that unequal 
crossover events between the C4 loci of sister chromatids 
during meiosis may be responsible for such haplotypes 
with one or three C4 genes (137). In the mouse, only one 
functional C4 product is found. A second C4-like protein 
is encoded in the major histocompatibility complex, and 
expression of this protein is under the control of sex hor- 
mones (sex-limited protein or SLP). Absence of C4 func- 
tion in SLP is probably related to accumulated sequence 
changes near the Cls cleavage site (131). 

Because of their proximity in the genome, specific com- 
binations of C2, factor B, and C4 allelic variants tend to 
occur together. Crossovers within these combinations are 
uncommon, and they tend to be inherited as units referred 
to as complotypes (131). Complotypes can serve as mark- 
ers for even larger units which are called "extended hap- 
lotypes" and include the HLA A, B, C, and DR loci. 
These are usually inherited en bloc and occur in the gen- 
eral population at frequencies higher than those predicted 
by their physical proximity alone. It has been suggested 
that crossovers within extended haplotypes are actively 
suppressed, but the mechanisms and selective pressures 
responsible for this remain speculative. 



Biosynthesis of Complement Components 

Over the last several decades there has been a steady 
accumulation of data relating to the biosynthesis of com- 
plement components. In the human, the liver appears to 
play a preeminent role in the synthesis of most of the 
components. This has been shown clearly for C3, C6, C8, 
and factor B by documenting a switch in the circulating 
allotypes of these proteins to those characteristic of the 
donor after orthotopic liver transplant (138). Notably, the 
recipient's complement component allotypes do not dis- 
appear completely after such surgery, suggesting extra- 
hepatic synthesis as well. Data regarding the site of syn- 
thesis of most other components are derived primarily 
from in vitro studies of primary tissue cultures or estab- 
lished cell lines, both animal and human. On. the basis of 
such information, it appears that functional CI macro- 
molecules are produced by a variety of epithelial cells of 
endodermal origin, and these cells, as well as macro- 
phages, are thought to be an important locus of in vivo 
production (139). The source of virtually all the other 
components studied appear to be the liver or the mono- 
nuclear phagocyte system or both (140). While mono- 
nuclear phagocytes probably contribute little to total 
plasma complement levels, their output may be of con- 
siderable importance at local sites of inflammation. 



Regulation of complement protein biosynthesis is com- 
plex. The majority of studies have been carried out with 
primary macrophage cultures and hepatocyte or macro- 
phage-like cell lines. Synthesis is responsive to a wide 
variety of modulators including immune complexes, am- 
bient complement protein levels, cytokines, neuropep- 
tides, histamine, and arachidonate metabolites, and the 
responses evoked are both protein and tissue specific 
(140). Regulatory mechanisms have been demonstrated at 
the pretranslational, translational, and post-translational 
levels in various in vitro systems. At the clinical level, 
the majority of complement proteins are elevated in 
plasma during acute-phase responses. Careful studies of 
regulation of C2 and factor B synthesis using molecular 
probes are in progress. Despite divergent, independent 
responses of the synthesis of these two proteins to a va- 
riety of stimuli, it appears that at least one segment of 
DNA 3' to the C2 coding sequence is essential for expres- 
sion of both genes (141). It is interesting to note that at 
least two complement proteins, CI and C8, are composed 
of two or more gene products which are assembled non- 
covalently in the extracellular compartment after secre- 
tion. The plasma pool of these components exists as an 
equilibrium mixture of complexed and disassembled sub- 
components, and synthesis of the various subcomponents 
is clearly separable in both in vitro systems and geneti- 
cally deficient individuals. 



Complement Deficiency States 

Complement deficiency states are distinctly uncom- 
mon, and this low frequency points to the strong selective 
pressure favoring maintenance of an effective comple- 
ment cascade. Complement protein alleles, including null 
alleles, show codominant behavior. Thus heterozygotes 
for null alleles have roughly half-normal levels of the com- 
ponents in question and are usually clinically normal (with 
one exception — see later discussion). The consequences 
of homozygous deficiency states divide roughly in ac- 
cordance with the portion of the cascade involved. Hu- 
mans with deficiencies of the alternative pathway are 
highly susceptible to a variety of pyogenic bacterial in- 
fections (presumably due to failure of C3-dependent op- 
sonization), whereas those with terminal component de- 
fects have a poorly understood isolated propensity to 
disseminated neisserial infections. A substantial propor- 
tion of individuals with terminal component deficiencies, 
especially C9, are, however, entirely well. Autoimmune 
disease, presenting as glomerulonephritis or systemic 
lupus erythematosus-like syndromes, is seen in deficien- 
cies affecting all three portions of the complement cas- 
cade but is the particular hallmark of classical pathway 
defects (142,143). Such disorders are seen in over half of 
individuals with C2 or C4 deficiency. The genesis of this 
striking relationship is unclear. It has been proposed that 
C2 and C4 deficiencies profoundly alter the disposition of 
immune complexes and thereby promote both end-organ 
pathology and persistent immunoregulatory abnormalities 
(144). It is notable, however, that heterozygous family 
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members of C2-deficient patients and humans whose ge- 
notype includes even one null allele (especially C4AQ0) 
among the four C4 genes have increased incidences of 
autoimmunity (142). This finding, and the relationship of 
C2 and C4 genes to the MHC loci, has raised the question 
of additional disease-susceptibility genes linked to the null 
complement alleles. These questions have not been re- 
solved. 

Deficiency of CI inhibitor in the human is clinically 
manifest in heterozygotes as the syndrome of hereditary 
angioedema (145). Affected individuals are subject to re- 
current localized soft-tissue swelling. CI inhibitor is an 
important regulator of the clotting, kinin-generating, and 
fibrinolytic enzyme systems in addition to the comple- 
ment cascade. Chronic consumption of the inhibitor by 
these enzyme systems outstrips the output directed by 
one normal gene, and Cl-inhibitor titers fall well below 
half-normal levels. Failure of homeostatic regulation of 
one or more of the above protease systems is then be- 
lieved to generate a vasoactive mediators) which results 
in angioedema. The precise mediator has been extensively 
sought but remains uncertain. 

A number of animal models of complement deficiency 
are available. These include C2-, C3-, and C4-deficient 
guinea pigs, C3-deficient dogs, C5-deficient mice, and C6- 
deficient rabbits (146). These have been useful in eluci- 
dating the role of complement in opsonization and in con- 
firming abnormalities of the immune response to proto- 
typic antigens. Some of these animals exhibit clinical 
diseases or subclinical serologic abnormalities that mimic 
their human counterparts. 



CONCLUSION 

As recently as 1969, Macfarlane Burnet wrote in his 
book Cellular Immunology: 

Since the studies of Bordet, Ehrlich and Wasserman, the 
concept of complement as an essential part of the mech- 
anism of immunity has progressively been replaced by a 
rather uncertain decision that the classic phenomenon of 
complement lysis of red cells is a laboratory artifact of no 
real significance for immunity. 

We hope that it is clear that our understanding of com- 
plement has come a long way since that time. We are now 
certain that the complement proteins play a critical role 
in host defense and the development of autoimmunity. We 
believe it likely that these proteins will prove to be im- 
portant in control of a number of steps in the immune 
response as well. The fact that very few individuals are 
missing any of the many proteins and the fact that the 
proteins show remarkable evolutionary stability suggest 
that their further study will reveal new important control 
functions. Now that the chain structure of most of the 
proteins and cleavage fragments is known and the amino 
acid sequence of many of the proteins is established, un- 
derstanding their interactions and the biologic conse- 
quences of their activation will provide one of the major 
challenges of the next decade. 
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It is quite fascinating that while metabolically and struc- 
turally different cells can live together harmoniously, cer- 
tain specialized cells are also capable of damaging and 
even killing neighboring cells. Killing of one cell type by 
another through contactual interaction constitutes a major 
effector arm of self-defense of the immune system. The 



major immunologically relevant cytocidal cells other than 
macrophages are cytolytic T lymphocytes (CTLs), natural 
killer (NK) cells, and lymphokine-activated killer (LAK) 
cells. This chapter deals with cellular and molecular 
mechanisms involved in this wondrous mechanism of nat- 
ural immunity, which assiduously protects the body 
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FIG. 1. Electron micrographs of nongranulated and granulated CTLs. The nongranulated CTL (A) 
are BALB/c anti-EL4 alloreactive peritoneal exudate cytolytic lymphocytes (PELs) (Berke et at., ref. 
17). The PEL-blast (PEL-BL) (B) is derived from PELs cultured in the presence of interieukin 2 
(IL-2) (Berke and Rosen, ref. 88). Note the presence of osmiophilic granules (gr) in the PEL-blast 
and their absence in the PELs. gol, Golgi apparatus; mit, mitochondria. Bar represents 621 ran for 
A and 1960 nm for B. Electron microscopy by D. Rosen. 



against viral, certain bacterial, and perhaps even cancer- 
ous diseases. On the negative side, however, killer lym- 
phocytes form the primary obstacle to be overcome be- 
fore tissue and organ transplants can be spared from 
rejection and before tissue damage in autoimmune dis- 
eases can be prevented. 

A major part of this chapter is devoted to the mecha- 
nism(s) whereby lymphocytes recognize and kill other 
cells, the subject of many previous investigations (reviews 
in refs. 1-4) since Govaertz's original observation of cy- 
tocidal lymphocytes in kidney allograft rejection. This 
topic is preceded by an introduction to the generation and 
classification of cytolytic cells (reviews in refs. 5-8) and 
is followed by an assessment of their activities. We also 
discuss the function of cytocidal cells in graft rejection, 
virus immunity, cancer immunotherapy, and the induc- 
tion of tissue damage in autoimmunity (reviews in refs. 
9-11). 



CYTOCIDAL CELLS: THEIR GENERATION, 
RECEPTORS, AND MARKERS 

Although predicted earlier, the discovery of specifically 
reactive cytolytic lymphocytes must be credited to Go- 
vaertz (12). The demonstration that sensitized cytolytic 



lymphocytes express the Thy-1 (formerly termed 8) an- 
tigen (Ag) on their cell surface resulted in their classifi- 
cation as cytolytic T lymphocytes (CTLs) (13). Subsets 
of T lymphocytes were also discovered later. It is now 
known that tie CD4 and CD8 cell surface molecules 
(L3T4 and Lyt2, respectively, in the mouse) are ex- 
pressed on two mutually exclusive subsets of mature T 
lymphocytes. Most T helper cells (T h ) express CD4, 
whereas most cytotoxic/suppressor T cells (Tc/ S ) express 
CD8. This correlation, however, appears not to be strict, 
as cytocidal CD4 + T lymphocytes have been described 
(14), and cytocidal CD4 + effectors may play a role in 
down regulating immune responses by killing autologous, 
antigen-presenting cells (B cells, macrophages). CD4 + 
cells always recognize antigen plus class II MHC mole- 
cules (even when they kill) and CD8* cells recognize an- 
tigen plus class I (even when they do not kill). Some CTLs 
and most NK cells appear as large granular lymphocytes 
(LGLs) while mature in vivo primed CTLs are small to 
medium sized (8 to 12 u,m), nongranular lymphocytes. 
Transformation from the latter to the former type (Fig. 1) 
can be induced by interieukin 2 (IL-2) and probably by 
IL-4. Three distinct types of cytotoxic lymphocytes have 
been defined (15). The first are Ag-specifie CTLs re- 
stricted by class I major histocompatibility complex 
(MHC) molecules that recognize the target through an 
idiotypic T cell receptor (Ti) associated with another cell 



FIG. 2. CTL-target cell conjugates. Small cells are BALB/c anti-EL4 peritoneal exudate CTLs, while 
the larger ones are EL4 target cells (T) of C57BL/6 origin (Berke et al., ref. 53). A and B: Light 
microscopy. C and D: Scanning electron microscopy. E and F: Transmission electron microscopy 
showing contact region and interdigitizations. Arrows in D point to interdigitations. 
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surface multimolecular complex (CD3) (16). These MHC- 
restricted CTLs can be defined by the rearrangement of 
their T cell receptor (TcR) a and p genes, the expression 
of the CD3-Ti molecular complex on the cell surface, and 
their cytolytic function, which is both Ag specific and 
MHC restricted. The second type consists of broadly spe- 
cific CTLs that recognize their targets without MHC re- 
striction, but nonetheless via the CD3-Ti complex. The 
third type consists of non-MHC-restricted NK cells that 
recognize and kill certain target cells (NK sensitive) via 
an as yet undefined receptor. Common to all three forms 
of lymphocytotoxicity is an initial lymphocyte-target cell 
adhesion step {conjugation formation) (see Fig. 2), ulti- 
mately leading to target lysis. The assessment and mech- 
anism of target cell recognition and lysis is described in 
a later section of this chapter. 

These three distinct effector cell types may also engage 
in alternative target recognition pathways mediated by ex- 
ogenously added factors such as antibodies or lectins. For 
example, in antibody-dependent cellular cytotoxicity 
(ADCC), the effector lymphocytes express Fc receptors, 
and target cell recognition is mediated by the interaction 
of these receptors with the Fc portion of antibody bound 
to the target cell. Cells capable of performing ADCCliave 
previously been named K cells, but it is now clear that 
both NK cells and CTLs expressing Fc receptors for IgG 
(FC7R) as well as macrophages and monocytes can me- 
diate ADCC. Non-MHC-restricted, non-specific cytotox- 
icity can also be induced by CTLs, if the effector and 
target cells are allowed to react in the presence of anti- 
bodies to one or more components of the Ti-CD3 com- 
plex or the mitogenic plant lectins concanavilin A (Con 
A) or phytohemagglutinin (PHA), which provide both ef- 
fective intercellular bonding and enable triggering of the 
effector cell lytic machinery. 



Cytolytic T Lymphocytes (CTLs) 

Effector CTLs are generated in response to allogeneic 
cell surface MHC determinants (as in allotransplantation), 
mitogenic lectins, chemically modified or virally infected 
autologous or syngeneic ceUs, and tumor-associated Ag. 
The generation of CTLs from their precursors involves a 
complex series of events and signals— not all of which are 
fully understood— ultimately resulting in the production 
of effectors, capable of specifically recognizing and lysing 
the target (7,8) (Fig. 3). Schematically, it is believed that 
resting CD8 + CTL precursors (Lyt2 in the mouse) are 
triggered directly by either foreign class I MHC surface 
molecules (in allogeneic responses) or by nominal Ag 
(viral, bacterial) in conjunction with class I MHC mole- 
cules (in MHC-restricted responses) (first signal). Within 
several hours after onset of activation, surface expression 
of interleukin 2 (IL-2) receptors and blast transformation 
occur prior to cell division. Proliferation of these acti- 
vated CTL precursors will not occur unless a second sig- 
nal, IL-2, is provided. To this end, precursors of T h cells 
(CD4 + ; L3T4 + in the mouse) are triggered by exposure 
to allogeneic class II MHC molecules alone (in allogeneic 
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FIG. 3. Cell interactions in the generation of cytotoxic T 
lymphocytes. Pre-CTLs (lower part of the figure) need at 
least two signals to become functionally mature. Signal 
1 is provided by the interaction of the pre-CTLs' antigen 
receptor with a MHC class I Ag on an allogeneic stimu- 
lating cell (or with foreign Ag presented in conjunction 
with self-MHC class I Ag in MHC-restricted responses). 
As a result of this signal, the pre-CTLs become "acti- 
vated" and express receptors for IL-2. However, the ac- 
tivated CTLs will not divide unless they are provided with 
a source of IL-2 (second signal). This is normally supplied 
by a nearby T helper (T h ) cell (upper part of the figure), 
activated to produce IL-2 by interaction with class H-bear- 
ing, IL-1 -producing allogeneic stimulating cells, most 
likely a dendritic cell or macrophage, or with foreign Ag 
presented in conjunction with MHC class II Ag in MHC- 
restricted responses. When the activated pre-CTL en- 
counters IL-2, it divides and matures into a fully cytotoxic 
cell, possibly under the influence of additional (differ- 
entiating) factors provided by the T h cell. The mature 
CTLs can then attack and destroy cells bearing the same 
class I antigens as the original stimulating cell. I and II 
refer to class I and class II MHC antigens, respectively. 
(Adapted from Wagner et al., ref. 8, and Bach et al., ref. 
25.) 



responses) or to complexes of class II molecules or nom- 
inal antigens (as in virus infection) on dendritic cells or 
macrophages. Interleukin 1 (IL-1) secreted by the mac- 
rophages is presumed to activate the T h to produce IL-2, 
which in turn induces proliferation of the activated pre- 
CTLs (second signal). Under the influence of IL-2 in vitro, 
activated, proliferating lymphoblasts acquire azurophilic 
granules and serine protease activity. These activated 
CTLs are cytocidal and they gradually differentiate into 
small to medium sized effectors that express potent, spe- 
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cific cytolytic activity but no cytolytic granules, and fi- 
nally into memory CTLs. In secondary (anamnestic) CTL 
responses, the participation of T h (and IL-2 production) 
does not appear to be essential for effector (memory) cell 
activation. 



Allospecific CTLs: In Vivo 

In experimental animals, alloreactive CTLs are gen- 
erated in response to transplanted allogeneic normal tis- 
sues or to transplantable allogeneic tumors (frequently, 
mouse leukemias are used). One convenient system uti- 
lizes the intraperitoneal injection of allogeneic tumor cells 
where primary rejection of the tumor cells by CTLs can 
be studied in detail. While spleen or lymph node cells 
derived prior to, during, or shortly after this allogeneic 
rejection provide a good CTL source (13), peritoneal ex- 
udate cells collected shortly after primary or secondary 
rejection of an intraperitoneal tumor allograft are an ex- 
cellent source of highly potent, specific CTLs (17,18). 
Such cells are capable of binding to and lysing target cells 
in vitro, as determined by the conjugation (target binding) 
and the 51 Cr release (target lysing) assays, respectively 
(17,18) (Fig. 4). 

That MHC class I differences alone are required and 
sufficient for allogeneic CTL generation has been dem- 




FIG. 4. Generation and testing of the lytic and conju- 
gating activity of in vivo primed peritoneal exudate CTLs. 
(Adapted from Berke, ref. 54, and Berke and Amos, ret. 
57.) 



onstrated by the subtle mutational event(s) of H(Z1) 
mice — later called bml — where two amino acid substi- 
tutions in MHC class I products (class II molecules of the 
mutant and wild type are identical) give rise to CTL pro- 
duction, cellular alloreactivity, as demonstrated by skin 
and tumor allograft rejection, and mixed-leukocyte re- 
action (MLR) (19-21). Interestingly, the cellular allo- 
reactivity and generation of CTLs directed against the 
mutated MHC class I molecules of bml mutant mice oc- 
curs in the absence of detectable alloantibody production 
(21). Because of distinct cross-reactivities of mutant-spe- 
cific CTL, it appears that the MHC class I elements) 
detected by CTLs in bml mutants is conformational and 
not sequential (22). 



Allospecific CTLs: In Vitro 

Ginsburg and colleagues were first to generate specific 
cytocidal lymphocytes in vitro (23). They showed that co- 
cultivation of unprimed lymphocytes with stimulating fi- 
broblast monolayers of various mouse and rat strains 
(xenogeneic and later allogeneic combination) resulted in 
lymphocyte transformation and production of strain-spe- 
cific cytocidal lymphoblasts capable of lysing sl Cr-labeled 
fibroblast monolayers antigenically identical to the orig- 
inal stimulating monolayers (23,24). Subsequently, it was 
shown that mixed leukocyte cultures (MLCs) of alloge- 
neic spleen, lymph node, or peripheral blood cells, which 
have been incubated in vitro for a few days, provide an 
excellent system for studying alloreactivity and CTL pro- 
duction in vitro (5,25). Precision was given to this re- 
sponse when it was found that prior treatment of the stim- 
ulator cells by mitomycin C or X-irradiation results in one- 
way MLCs, not unlike MLCs between lymphocytes of 
homozygous parental and Fl hybrid cells (25). Adoptive 
transfer of immunity in vivo by cytocidal cells sensitized 
in vitro has been demonstrated (5,26), showing the effec- 
tiveness of the in vitro primed cells in an in vivo setting. 
CTL generation in MLCs has therefore been used as a 
well-characterized model system in which both the affer- 
ent and efferent phases of T-cell-mediated immunity can 
be studied. Anamnestic (memory) CTL responses can 
also be induced and studied in vitro by reexposure of rest- 
ing MLC cells to the original stimulating cell (5), and even 
to polyclonal stimulators such as mitogenic lectins which 
result in cell proliferation and prompt reappearance of 
high levels of specific CTL activity. Moreover, cytocidal 
reactivity of these anamnestic CTLs can be induced even 
when DNA synthesis is completely blocked, for example, 
by cytosine arabinoside (27). 



MHC-Restricted CTLs 

Cytocidal cells specific for a nominal (non-MHQ Ag 
presented in conjunction with a particular MHC (class I 
or II) Ag are termed MHC restricted (28-30). Specific 
MHC-restricted CTLs directed against combinations of 
class I MHC molecules and small chemical groups [e.g., 
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dinitrophenyl (DNP), fluorescein isothiocyanate (FITC)] 
are obtained following in vitro cultivation of lymphocytes 
with autologous lymphocytes modified by the particular 
chemical (29). MHC-restricted, tumor or virus specific 
CTLs can be obtained from the lymph node or spleen cells 
of virus- or tumor-injected animals. The in vitro restim- 
ulation of these cells with tumor cells or virus-infected 
cells (28) results in an enhanced CTL response. MHC- 
restricted CTLs to minor histocompatibility Ags, ^-mi- 
croglobulin, and to other cell surface determinants have 
also been described (31). 



Polyclonal CTLs 

Polyclonally activated CTLs can be generated follow- 
ing Con A- or PHA-induced stimulation of lymphocytes. 
Other polyclonal stimulators include Staphylococcal en- 
terotoxins (e.g., SEB), antibodies to CD3 (a T-cell re- 
ceptor-associated multimolecular complex), as well as 
other T cell mitogens. Within 24 hr of such stimulation, 
small lymphocytes undergo blast transformation and com- 
mence cell division. The resultant blasts exhibit a low 
level of cytocidal activity against a wide range of target 
cells (32); this cytotoxicity is enhanced in the presence of 
the lectin. The low cytotoxicity is because most if not all 
clones are stimulated; namely, any one clone is repre- 
sented at a low frequency. Interestingly, in vitro stimu- 
lation by these mitogenic lectins of memory spleen cells 
derived from previously aBoimmunized mice results in an 
Ag-like anamnestic response and production of MHC spe- 
cific CTLs (33,34), probably due to the selective advan- 
tage of memory CTLs in response to mitogenic stimula- 
tion. Thus lectins can induce both specific and seemingly 
nonspecific CTLs, the ratios of which depend on previous 
antigenic stimulation of the responding cells and the sys- 
tem employed. 



IL-2-Dependent CTL Lines and CTL Hybridomas 

Today, cloned, IL-2-dependent CTLs and NK cell lines 
(35) are important sources of effector cells for studying 
(a) the phenotypic expression of differentiation Ag, (b) 
fine Ag specificity of T cell responses, (c) effector cell 
activation and cytocidal activity, and (d) the structure and 
molecular biology of T cell receptors. One drawback of 
CTLs and NK clones maintained in vitro in IL-2 is that 
these cultured effectors may develop unexpected speci- 
ficities (36). For example, cloned CTLs can evolve into 
cells with NK-like granules and NK-like target specificity 
(37) but which are not NK cells because they continue to 
express Ti-CD3 determinants (15). 

With the advent of "immortal" antibody-producing B 
cell hybridomas, the generation of CTL hybridomas be- 
came an obvious "next step." Early attempts to somat- 
ically hybridize CTLs and tumor cefls, thereby forming 
hybridomas, were unsuccessful. The failure was attrib- 
uted to polyethylene glycol-mediated CTL lysis of the fu- 
sion partner. Nevertheless, successful production of CTL 



hybridomas was reported by two groups working simul- 
taneously but independently (38,39). The CTL hybrido- 
mas generated by Kaufmann et al. (39) grow without ex- 
ternally supplied IL-2, exhibit specific lytic activity, and 
express the Thy-1 marker and the T cell receptor (Ti) o 
and p chains. Although expressing innate lytic activity, 
the cytocidal capacity of and IL-2 production by these 
CTL hybridomas is augmented significantly upon in vitro 
stimulation by mitogenic lectins (e.g., Con A) or specific 
antigenic cells (40,41), suggesting that the hybridomas are 
derived from and represent memory CTLs. 



Natural Killer (NK) Cells and Lymphokine-Activated 
Killer (LAK) Cells 

These cells, which exhibit LGL morphology, probably 
play a role in tumor resistance, host immunity to viral and 
perhaps other microbial infections, and in the regulation 
of lymphoid and other hemopoietic cell populations (42). 
NK cells do not exhibit rearrangement of the genes that 
code for the p chain of the TcR and do not express cell 
surface CD3 determinants. However, they usually do ex- 
press CD16 and Leul9 (NKH-1) antigens and Fc recep- 
tors. The cell lineage of NK cells is uncertain. The target 
cell specificity of NK cells suggests that the cytolytic ac- 
tivity of a NK population is not due to a single cell type 
but is rather the summation of the lytic activities of sev- 
eral different cell lineages at particular stages of matu- 
ration and activation. A consistent feature of NK cells 
which has enabled their isolation, examination, and com- 
parison with other cell types is their association with a 
subpopulation of cells, the LGLs (reviewed in ref. 42). 
LGLs are present in the peripheral blood, spleen, and 
liver of unprimed animals, including athymic "nude" 
mice and humans. By centrifugation on discontinuous 
Percoll gradients and elimination of cells that form high- 
affinity rosettes with sheep red blood cells, a population 
consisting of 95% LGLs can be obtained from peripheral 
blood. It should be noted that not all NK cells may be 
LGLs, nor do all LGLs exhibit NK activity. Certain 
transplantable tumor cells [e.g., rat NK (RNK) leukemia] 
exhibit considerable NK activity and cytoplasmic gran- 
ulation (42,43). Some target cells are highly susceptible 
to NK-induced lysis (e.g., YAC in the mouse and K562 
in humans) while others (e.g., EL4 and Daudi in humans) 
are refractory. The molecular basis for this differential 
susceptibility is not well understood. The recent conver- 
sion of NK-resistant tumor cells into NK-sensitive targets 
upon fusion with liposomes containing NK-sensitive 
membrane determinants (44), or during B cell differentia- 
tion (45), may help define the molecular nature of the tar- 
get cell determinants recognized by NK cells. 

Incubation of peripheral blood lymphocytes with IL-2 
results in the production of lymphokine-activated killer 
(LAK) cells, initially thought to be a unique cell popu- 
lation capable of lysing fresh tumor cells but not normal 
or NK-sensitive target cells (46). Recent evidence sug- 
gests that LAK activity can be attributed primarily to IL- 
2-activated NK cells (47). A separate class of natural cy- 
totoxic (NQ cells, in addition to NK cells, have been 
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demonstrated in mice. NC cells differ from NK cells with 
regard to their cell surface characteristics, target selec- 
tivity, and organ and strain distribution. In view of the 
probable involvement of tumor necrosis factor (TNF-a) in 
lysis induced by NC cells, they may be regarded as ef- 
fectors of the myelomonocytic (monocytes) series, al- 
though highly purified NK cefls can also produce TNF 
(48). 



ALLOGENEIC RESPONSES, CLONAL 
SELECTION, AND MATURATION OF CTLs 

The specificity and molecular nature of the CTL Ti re- 
ceptor are comparable to that of membrane-bound Ig re- 
ceptors of B cells, although a more complex series of mo- 
lecular interactions appears to be involved in T cell 
triggering (16). The application of Burnet's clonal selec- 
tion and expansion theory to CTLs is complicated by the 
finding that unprimed animals already contain large num- 
bers of committed T cells reactive to a given alloantigen 
in mixed lymphocyte reactions. At least one and accord- 
ing to some estimates up to 5% of all T cells from un- 
primed animals respond to a given alloantigenic challenge. 
However, a given alloantigenic difference may entail a 
multitude of antigenic epitopes. Some studies even sup- 
port the extreme view that no clonal expansion (cell di- 
vision) is required in an in vivo allogeneic T cell response, 
suggesting that clonal activation alone without expansion 
may be required and sufficient. However, direct assess- 
ment of effector cell replication during CTL production 
in vivo (49) has supported the concept of clonal expansion 
in the usual type of CTL responses as observed in vivo. 
In that system, the proliferative response of peritoneal 
exudate CTLs of mice responding to an allogeneic tumor 
injected intraperitoneally was monitored by administering 
3 H-thymidine during induction of the CTL response in 
vivo. Almost all the specific conjugate-forming peritoneal 
CTLs obtained in this case were 3 H labeled on autora- 
diography and thus clearly were the products of dividing 
cells. Thus the clonal selection and expansion model is 
applicable to at least one primary in vivo aUoimmune T 
cell response resulting in CTL production. However, one 
must remember that the allogeneic CTL response is bi- 
ologically artificial; it seems much more likely that MHC- 
restricted, "self +- X" CTL responses in vivo would re- 
flect true clonal restriction and expansion a la Burnet. 

The observed cytolytic capacity of various lymphoid 
cell populations, as a function of time after immunization 
(50-52), is also pertinent to the issue of clonal T cell ac- 
tivation and/or selection. Changes in the lytic potential of 
a given lymphoid population may be due to alterations in 
numbers of effector CTLs and/or in their individual cy- 
tocidal activity. A correlation between the number of cells 
capable of binding target ceUs and the population's lytic 
capacity has been demonstrated (Fig. 5). The frequency 
of peritoneal exudate CTLs capable of binding to and lys- 
ing target cells increases from a background of 2-5%, up 
to 35% within 11 days of primary intraperitoneal aDoim- 
munization and then decreases (53). These findings sup- 




FIG. 5. Conjugation and cytolysis as a function of time 
after a primary alloimmunization. BALB/c mice were in- 
oculated with EL4 intraperitoneally. PELs were isolated 
at the indicated times and assayed for their conjugation 
{•) and lytic activity (A). (From Berke et al., ref. 53 with 
permission.) 

port the view (54) that alterations in cytolytic activity fol- 
lowing alloimmunization are due to changes in frequency 
of effector CTLs capable of binding to and lysing the tar- 
get, rather than to obvious variations in the lytic capacity 
of individual cells, that is, that effector CTL in an im- 
munized population are either cytotoxic or not (i.e., cy- 
totoxicity is "quantal"). 

CTL maturation during primary and anamnestic allo- 
geneic responses can be evaluated by examining the spec- 
ificity of target cell binding by CTLs, the cytolytic and 
recycling ability of individual CTLs, and the avidity of 
effector-target cell conjugation (50). The target MHC 
haplotype and subloci specificity of responding CTLs are 
preserved after repeated immunizations. Likewise, the 
lytic rate and recycling ability of individual CTLs are not 
altered by repeated immunizations. However, inhibition 
both of CTL-target cell conjugate formation and of CTL- 
mediated target cell lysis by antibodies against target 
MHC Ags or the effector's Lyt2 determinants is less ef- 
fective with tertiary CTLs, suggesting an increase in av- 
idity of effector-target cell interaction after repeated im- 
munization (50). A similar increase in apparent avidity is 
also observed during CTL priming in MLRs, as deduced 
from blocking by antibodies directed against CTLs and/ 
or target determinants (27). These observations suggest 
that responding CTL populations are subjected to mod- 
erate selective processes upon repeated antigenic stimuli, 
and provide a further analogy with B cell responses in 
which the most avid responders are selected over time 
and with decreasing amounts of nominal antigen. 

IN VIVO FUNCTION OF THE 
CYTOLYTIC LYMPHOCYTE 

Graft Rejection 

Early Studies 

Multicellular organisms are equipped with an intricate 
immune system to recognize and neutralize foreign and 
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potentially hazardous agents, such as intracellular and ex- 
tracellular parasites and neoplastic cells. Due largely to 
the work of Snell, Gorer, Medawar, Billingham, and 
Brent (reviews in refs. 13,55-57), it is now apparent that 
the rejection of normal (or malignant) allografts is due to 
a genetically determined and powerful immunological 
process. That allogeneic tumor fragments enclosed in dif- 
fusion chambers implanted into the peritoneal cavities of 
immune mice were not rejected showed the necessity for 
direct contact between grafted and host effector cells for 
rejection to occur (58). On the other hand, antibody and 
complement can directly lyse certain tumor targets even 
inside diffusion chambers (59). Mitchison's adoptive 
transfer experiments (60) demonstrating transference of 
second set allograft rejections by "primed" lymphoid 
cells but not by immune allosera established the cellular 
basis of allograft rejection. Antibody plus complement- 
induced tissue damage may be a vascular phenomenon, 
while cellular effectors are involved in response to pa- 
renchymal tissue. The "Winn assay" for measuring the 
antitumor activity of lymphocyte populations by injecting 
immune lymphocyte-tumor cell mixtures subcutaneously 
and monitoring tumor growth was an important step in 
determining the tumor-neutralizing capacity of sensitized 
lymphocytes in allogeneic and syngeneic ("tumor spe- 
cific") systems. Govaertz (12) was the first to show that 
canine thoracic duct lymphocytes, procured after kidney 
allograft rejection, had a specific, cytopathic effect on 
donor renal cells cultured in vitro. His findings were soon 
followed by a plethora of evidence demonstrating cyto- 
pathological effects of lymphoid cells from animals sen- 
sitized against normal or malignant tissues, including 
human cancer, or suffering from autoimmune diseases. In 
vitro lysis of virus-infected cells by cytocidal lymphocytes 
obtained from virus-infected animals suggested their in- 
volvement in viral immunity and led to the important dis- 
covery of MHC restriction. 



Allograft-Infiltrating Cytocidal Cells 

Involvement of lymphoid cells in the elimination of his- 
toincompatible cells has been established by adoptive 
transfer and diffusion chamber studies (55,61,62). Infil- 
tration of the graft parenchyma by mononuclear cells, 
producing a destructive lesion, is a common event both 
in allograft rejection and in delayed-type hypersensitivity. 
Depending on the histological type of the transplant, its 
anatomical site, and the time of examination, the infil- 
trating cells may be of predominantly lymphoid or macro- 
phage origin. 

The cells infiltrating rabbit skin allografts and associ- 
ated with the damaged graft epithelium are mainly small 
to medium sized lymphocytes (63). Density distribution 
analysis of spleen cells from mice undergoing allograft 
rejection reveals that large, rapidly dividing effector lym- 
phoid cells are present in the spleen shortly after immu- 
nization, whereas small effector lymphocytes predomi- 
nate at later times and during onset of rejection (64). In 
rodent intraperitoneal ascites allograft systems, where di- 
rect investigation of graft-associated cells is relatively 



simple, the specific cytocidal cells at the time of rejection 
are nonadherent, nonphagocytic, small to medium sized 
Lyt2 + T lymphocytes (17,18). The role of the macrophage 
in this setting varies with different tumor targets from a 
primary effector cell to a mere scavanger. Interestingly, 
early (but not later) in the course of an allogeneic re- 
sponse, Lyt2 negative effectors expressing nonspecific 
cytocidal activity have been demonstrated (49). Although 
they are important topics with respect to tumor destruc- 
tion, macrophage killing and vascular changes causing ne- 
crosis are outside the scope of this chapter. 

Small lymphocytes enter the allograft within 1 to 2 days 
after transplantation and rapidly transform into large lym- 
phoblastoid cells ("peripheral sensitization"); alterna- 
tively, sensitization occurs at a draining lymph node. 
Blast transformation also occurs during mixed lympho- 
cyte reaction, an in vitro correlate of allograft rejection 
(65). That the responding lymphocytes initially undergo 
transformation into large blastoid cells that express lytic 
activity, revert to small to medium sized cells that also 
express lytic activity, and finally evolve into memory 
CTLs has been demonstrated both in vivo and in vitro 
(9,62). Although cytotoxic cells can be detected in lym- 
phatic organs and within grafts shortly after allograft im- 
munization (52,66), graft rejection is usually not apparent 
until 8 to 10 days after transplantation. The progression 
of cells into grafts can be studied by the elegant sponge 
procedure described by Hayry and colleagues (67). When 
a spongy matrix embedded with allogeneic cells is im- 
planted into a histoincompatible recipient, it is infiltrated 
by host cells which can be released by squeezing the 
sponge, thus providing a convenient system for studying 
allograft infiltration. Although both T and non-T lympho- 
cytes infiltrate the sponge, only a small fraction of the 
infiltrating cells are T lymphocytes, which is surprising 
since a potent effector T cell response is observed si- 
multaneously in peripheral lymphoid organs, such as the 
spleen and lymph nodes. In heart and kidney transplants, 
several classes of both lymphoid and nonlymphoid cells 
have been reported to infiltrate the allograft. Unlike the 
sponge matrix, in these and similar systems, mechanical 
and enzymatic procedures must be employed to obtain a 
cell suspension from which the infiltrating cells can be 
obtained. Naturally these procedures may select for cer- 
tain cell types, as well as damage or change the properties 
of the cells in question. 

On the other hand, intraperitoneal ascites tumor allo- 
grafts allow observation of graft-infiltrating cells without 
any chemical, enzymatic, or mechanical manipulations 
(68). In such systems, the infiltrating cells, which exhibit 
specific in vitro binding and cytolytic activity at the time 
of rejection, are small CTLs, although significant num- 
bers of macrophages (up to 50% of the population) and 
other cell types are associated with the allograft (17). Thus 
it appears that both large and small lymphoid cells from 
allografted animals, which exhibit lytic activity in vitro, 
may be responsible for graft rejection in vivo. 

The T Cell Subset(s) Responsible for Graft Rejection 

A large body of evidence indicates that T lymphocytes 
are the primary mediators of graft rejection, yet the par- 
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ticular T cell subset involved in the actual rejection pro- 
cess remains controversial (9,67,69,70). The infiltration 
of CD8/Lyt2 type lymphocytes and the strong cytopatho- 
logical component in graft rejection have implicated the 
direct involvement of cytocidal T lymphocytes (CTLs). 
Furthermore, a good correlation between several param- 
eters of allograft rejection (e.g., kinetics, genetics, ana- 
tomical association) and host CTL activity in vitro has 
been demonstrated. It is possible, however, that the T h 
cell subset (CD4/L3T4), involved in delay ed-type hyper- 
sensitivity (DTH), is at least partially responsible for 
some tissue damage and graft rejection. The use of an- 
tibodies to define functional T cell subsets may be mis- 
leading, since the serological division of T cell subsets 
may not be as restricted as once thought. In addition, 
some Lyt2 + /CD8 + type cells have been shown to produce 
IL-2, a T h characteristic, and some Lyt2~ cells exhibit 
cytolytic capacities. Furthermore, certain cells can ex- 
press more than one activity; for example, one cloned T 
cell line has been shown to express allo-help, cytotox- 
icity, and DTH capacities (71), and a cytotoxic T cell 
clone and a monoclonal CTL hybridoma have been shown 
to generate helper activity (in this case lymphokine pro- 
duction) (40). On the other hand, the observation that 
cloned Lyt2 + cytotoxic cells can specifically destroy al- 
lografts in vivo confirms that CTLs can mediate trans- 
plantation immunity in an immunologically specific, 
MHC-restricted fashion (72). 



Testing for in Vivo Bystander Cell Lysis During 
Allograft Rejection 

Graft rejection mechanisms mediated solely by a de- 
layed-type hypersensitivity response, involving produc- 
tion of phagocyte-attracting lymphokines or tissue-de- 
stroying mediators, which act nonspecifically, rather than 
by specifically sensitized CTLs, are incompatible with the 
specificity and selectivity of the rejection episode. For 
example, skin grafts from allophenic mice (mosaics pro- 
duced by mixing early-stage allogeneic embryos) grafted 
onto one parental strain resulted in rejection mainly of the 
melanoblasts and hair follicles that express the same H- 
2 as the allogeneic parent type, while those of the host 
H-2 type did not suffer irreversible damage (73). Fur- 
thermore, injection of allogeneic murine tumors mixed 
with syngeneic tumors (at a cell ratio of 500:1, respec- 
tively) resulted in selective and complete rejection of the 
allogeneic tumor, without affecting the syngeneic one 
(74). In another CTL system, lymphocyte-induced by- 
stander lysis of cells infected with a third-party virus was 
also not observed. Thus CTL-mediated lysis is one of the 
rare cellular cytotoxic mechanisms that displays a high 
degree of specificity, thereby discriminating between tar- 
get and bystander cells. However, it is conceivable that, 
under special circumstances, nonspecific in addition to 
Ag specific reactions initiated by CTL-target cell inter- 
actions may contribute to tissue destruction in allograft 
rejection, in severe forms of delayed-type hypersensitiv- 
ity, and in certain viral infections. 



Virus and Bacterial Infection: MHC Restriction 

Virtually all cells are potential candidates for virus in- 
fection and phagocytes are the most susceptible to bac- 
terial infections since they endocytose them. Host cells 
carrying viruses must be eliminated to keep virus prolif- 
eration to a minimum; however, destruction of bacteria- 
or virus-containing phagocytic cells may result in the dis- 
semination of these organisms. It has been found that im- 
munocompetent host T cells are triggered by bacterial or 
viral determinants only when they are presented as Ag in 
the proper molecular form on cell surfaces, in association 
with MHC class I and class II molecules. Phagocytosed 
bacteria are digested and their processed Ag are in the 
form of peptides presented by macrophages in association 
with MHC class II-encoded surface molecules (MHC 
class II restriction). These "hybrid" membrane struc- 
tures induce specific T h cell proliferation and differentia- 
tion, leading to the release of lymphokines, including 
macrophage-activating factors), which ultimately elimi- 
nate the infecting bacteria. CTL recognition of viral an- 
tigenic determinants on infected cells occurs when they 
appear in conjunction with MHC class I molecules on the 
cell surface (MHC class I restriction) (10,28,75). In gen- 
eral class I MHC determinants appear to present endog- 
enously synthesized virus and antigens, while class II is 
involved in presenting exogenously encountered proteins 
(76). Anti-influenza CTLs recognize murine L fibroblasts 
that express viral nucleoprotein (NP) determinants, rais- 
ing the question of how these originally nontransmem- 
brane viral proteins are processed and presented so that 
they can be recognized by CTLs. Recent studies are con- 
sistent with the view that somatic cells bearing class I 
molecules are capable of degrading and presenting newly 
synthesized viral proteins and peptides to CTLs (77,78). 
The molecular nature of viral epitopes recognized by 
CTLs on the surface of virus-infected cells is now being 
resolved (77). 

Virus-neutralizing antibodies are effective in prevent- 
ing initial viral infections. However, cell-mediated im- 
munity is essential to eliminate established viral infec- 
tions. For example, athymic mice often suffer from 
persistent and progressive virus infections, probably due 
to their defective cell-mediated immune system. In mu- 
rine lymphocytic choriomeningitis (LCM) clearance of 
the viral infection is effected by CTLs (79). The patho- 
logical changes induced by LCM virus have been attrib- 
uted to damage of virus-infected cells by T cells since 
virally infected athymic mice do not show brain lesions. 
In influenza virus infection, whether viral spread is lim- 
ited by ^-interferon released by CTLs at the site of virus 
infection, or solely by lysis of infected cells, is not known. 
However, cloned, influenza virus specific CTLs can pro- 
tect mice against 10 lethal doses of the specific virus but 
not against one lethal dose of a non-cross-reacting virus 
admixed and administered with the virus against which 
the cloned CTLs were generated (10). These results es- 
tablish the essential role of direct, specific effector cell 
contact with infected target cells and exclude involvement 
of nonspecific cytocidal factors that work at a distance. 
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CTLs and NK Cells in Tumor Immunity 

Repeated demonstrations of tumor specific immune re- 
sponses (80-82) have formed the basis of tumor immu- 
nology and have supported the theory of "immune sur- 
veillance" against tumors. The principal assumption of 
this theory is that tumor specific immunocompetent host 
cells can be triggered by neoplastic cells to differentiate 
into effector cells capable of either destroying the tumor 
or arresting its growth. Although lymphoid cells exhib- 
iting such effector activity have been observed in exper- 
imental animals and in some cancer patients, the precise 
effector cell populations involved and their specificity 
have not yet been determined unequivocally and their bi- 
ological importance is unresolved. Furthermore, cellular 
immune responses against syngeneic tumors vary ac- 
cording to (a) the host, (b) the tumor, (c) the assays em- 
ployed, (d) the inoculation site and the dose, and (e) the 
time and site of effector cell removal. 

Analyses of effector cell phenotype, specificity, and 
mechanism of action against autologous tumor cells reveal 
that the antitumor cytotoxic response can be multiclonal, 
mediated by multiple mechanisms, and directed against 
different determinants expressed on the same tumor cells 
(83,84). Furthermore, the types and lytic mechanisms of 
effector cells involved depend on the tumor. For example, 
using four different syngeneic tumor systems, Haskill and 
co-workers (80) demonstrated nonspecific, cytostatic 
macrophages associated with a rat sarcoma; specific, cy- 
totoxic, nonphagocytic, Fc-bearing lymphocytes associ- 
ated with a murine mammary adenocarcinoma; cyto- 
static, macrophage-like cells and specific, cytotoxic lym- 
phocytes associated with a primary murine sarcoma, and 
CTLs within a rapidly growing fibrosarcoma. Adherent, 
non-T, nonphagocytic cells capable of lysing antibody- 
coated chicken red blood cells have been detected in the 
peritoneal cavities of mice with ascites tumors. Nonad- 
herent cytotoxic cells have been obtained from the peri- 
toneal cavities of mice after repeated intraperitoneal in- 
jection of irradiated ascites tumors. Even a single 
intraperitoneal injection of ^Co-irradiated leukemia cells 
could induce immunity to nonirradiated syngeneic tumor 
cells in mice (66). In this system, tumor-associated peri- 
toneal exudate cells exhibited specific in vitro cytolytic 
activity as early as 3 days after the intraperitoneal injec- 
tion of irradiated tumor, and the activity peaked on days 
5 to 6. 



Tumor Therapy Using LAK Cells and Tumor- 
Infiltrating Lymphocytes (TILs) Activated by 
Interleukin 2 (IL-2) 

Immunizations against cancers using tumor cell vac- 
cines and attempts to bolster immunity against cancer by 
immunomodulators have generally been unsuccessful. 
The commonly low and sometimes even total lack of cy- 
tocidal activity of human lymphocytes against autologous 
tumors and the difficulty of attaining sufficient quantities 



of autologous lymphoid cells whose anti-tumor activity 
could be boosted in vivo or in vitro have hindered the 
development of effective adoptive immunotherapy 
against human cancer. However, two recent develop- 
ments have changed the approach to treatment of cancer 
using immunological intervention. First was the large 
scale production of recombinant IL-2, previously known 
as T cell growth factor. Second was the observation that 
peripheral blood-derived lymphocytes cultured in IL-2 
Pymphokine-activated killer (LAK cells)] become cyto- 
lytic toward a wide range of fresh neoplastic but not nor- 
mal cells (46,85). LAK cells, together with high dose IL- 
2 as reported by Rosenberg and colleagues, have had 
some success in the treatment of metastatic human ma- 
lignancies, notably melanoma and renal cell carcinoma 
(11,82). In some centers, the continuous infusion of can- 
cer patients with lower doses of IL-2 alone without ad- 
ministration of in vitro generated LAK cells has yielded 
comparable therapeutic results. 

The LAK phenomenon is mediated by a phenotypically 
diverse set of effector lymphocytes generated by incu- 
bation of peripheral blood leukocytes with IL-2 for 3 days. 
LAK effectors appear as mostly NK cells, but with time 
a more T-like phenotype emerges. The majority of LAK 
cells are derived from NK cells expressing the Leu 19 
(NK H-l), but not CD3, surface marker. Peripheral blood 
CD3~ T lymphocytes appear to contribute little to the 
LAK phenomenon (47). However, under certain circum- 
stances, a particular subset of CD3~ NK HI - cells can 
also be activated by IL-2 and mediate LAK activity. 

Recently, Rosenberg (82) reported that lymphocytes in- 
filtrating into tumors could be expanded in vitro with IL- 
2 and used in adoptive immunotherapy. These tumor-in- 
filtrating lymphocytes (TILs) had activity and tumor spec- 
ificity superior to that of LAK cells. It remains unclear 
how much of the activity associated with TILs is due to 
CTL versus LAK and how useful these cells will be in 
the treatment of human cancers. 

Ascites tumors provide an excellent model system to 
study TILs in experimental animals as well as in humans. 
TILs procured from the peritoneal cavities of animals that 
had undergone intraperitoneal allogeneic or syngeneic 
tumor graft rejection provide a rich source of small to 
medium sized effector CTLs capable of specific target cell 
lysis in vitro and tumor growth retardation in vivo (86). 
These potent CTLs are devoid of lytic granules, the lytic 
protein perforin, and BLT-esterase activity. They trans- 
form into granule-containing, cytolytic lymphoblasts 
within several days in culture in the presence of IL-2 (see 
Fig. 1) (87,88). This observation provides a clue to the 
cellular and possibly molecular basis for improved effi- 
cacy in the immunotherapeutic application of TILs-CTLs 
expanded in IL-2. Namely, the superb immunotherapeu- 
tic activity of IL-2 activated TTL against tumors may be 
related to their acquisition of cytoplasmic granules in re- 
sponse to IL-2. Proteases and cytotoxic proteins pack- 
aged in cytoplasmic granules of IL-2-transformed lym- 
phocytes may be responsible for the antitumor as well as 
side effects resulting from the administration of large 
doses of IL-2 in vivo. 
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Tissue Damage in Autoimmunity 

Cytocidal lymphocytes seem to play a significant role 
in inflicting tissue damage in certain autoimmune dis- 
eases. This discussion is limited to one autoimmune dis- 
ease, namely, experimental autoimmune encephalomye- 
litis (EAE) in rodents. The disease, manifested by nerve 
conduction defects, can be induced by injecting the animal 
with myelin basic protein (MB?) or whole brain homog- 
enate in complete Freund's adjuvant. EAE, characterized 
by massive infiltration of lymphocytes into the central 
nervous system, is a model system for inflammatory and 
demyelinating human disorders such as multiple sclerosis. 
T cells of the helper-inducer phenotype (CD4 + ) have been 
implicated as the effectors of EAE, but the mechanism 
whereby they induce demyelinating damage in the brain, 
resulting in disease, is not known; furthermore, even the 
recent production and characterization of encephalito- 
genic CD4 + T cell lines capable of inducing EAE (89) 
have not resolved this enigma. Furthermore, the proposed 
linkage between EAE and delayed-type hypersensitivity 
induced by CD4 + effectors was recently contradicted by 
the demonstration that CD4 + encephah'togenic T cells ex- 
pressing IL-2 receptors can cause EAE in the absence of 
DTH (90). Recently, cytocidal CD4 + cells were impli- 
cated as causing the onset of symptoms of EAE, possibly 
by damaging blood vessels in the central nervous system. 
That la-restricted encephalitogenic T lymphocytes lyse 
autoantigen (MBP)-presenting astrocytes in vitro suggests 
that lymphocytes can directly induce brain damage (91). 
Studies with the Lewis rat encephah'togenic T cell line 
(Zla) capable of inducing EAE in rats have shown sub- 
stantial lectin (Con A)-dependent cytolytic activity 
against a wide range of target cells, confirming the prop- 
osition that CD4 + Zla encephalitogenic lines are indeed 
cytocidal. Cytocidal lymphocytes have also been asso- 
ciated with a number of other autoimmune diseases in- 
volving lymphocyte infiltrates and tissue damage. 



LYMPHOCYTE-TARGET CELL INTERACTION 

Binding of Effector and Target Cells 

Lymphocyte-induced target cell lysis involves a com- 
plex series of events, the first of which is quick specific 
or nonspecific binding of the CTL or NK to its target, 
resulting in conjugate formation (Fig. 2). Brondz and co- 
workers (92,93) originally established the immunological 
specificity of the physical interaction between CTLs and 
target cells by demonstrating depletion of cytolytic activ- 
ity of alloimmune lymphoid cell populations incubated on 
target cell (macrophage) monolayers genetically similar 
to the immunizing cells. That this depletion was not due 
to specific inactivation of the effector cells was demon- 
strated independently by Golstein et al. (94) and by Berke 
and Levey (95), who showed that the effector lymphoid 
cells that adhered specifically to target cell monolayers 



could be recovered. The CTLs thus collected were found 
to have an increased cytocidal activity against the specific 
target cell employed for absorption. Later, Stulting and 
Berke (96) introduced poly-L-lysine (PLL)-fixed target 
cell monolayers, to study CTL-target cell binding and 
showed that Mg 2 "*" but not Ca 2+ was essential for specific 
CTL-target cell binding. A similar Mg 2 * requirement was 
later demonstrated for NK-target cell binding. Since the 
monolayer absorption technique examines adhesion of 
lymphoid populations rather than of individual CTLs, an- 
swers to questions concerning the binding of individual 
CTLs could not be obtained. This has been resolved by 
the CTL-target conjugation method. 



Conjugate Formation 

Unequivocal specific binding of CTLs and target cells, 
resulting in conjugate formation (Fig. 2) was established 
and termed in 1975 (53,97). It is an early event in the 
multistep process of lymphocyte-induced lysis . Conjugate 
formation is induced simply by mixing CTL and target 
cells in a Mg 2 * -containing medium (96), spinning to pro- 
mote interaction, gentle resuspension to break up large 
cell clumps and weak (non-specific) interactions, and then 
microscopic examination. Guided by earlier CTL work, 
NK-target conjugation, and more recently conjugation of 
T h cells with Ag-presenting cells, has also been observed. 
While specific conjugate formation by in vivo primed mu- 
rine CTLs has been repeatedly shown (54), conjugate for- 
mation by human and murine CTL lines growing in vitro 
has been found to exhibit considerably less and sometimes 
even a complete lack of specificity. That conjugated lym- 
phocytes are indeed functional cytocidal effectors has 
been demonstrated using single-cell micromanipulation 
techniques (98). This finding has served as the foundation 
for a series of experiments aimed at answering questions 
regarding lymphocyte-target cell interactions at the in- 
dividual cell level, rather than by extrapolating from pop- 
ulation studies. 



Specificity, Clonality, and Avidity of Lymphocyte- 
Target Conjugation 

In vivo primed murine CTLs preferentially bind to and 
form conjugates with target cells displaying MHC deter- 
minants identical to, or cross-reacting with, the alloim- 
munizing cells (53,97). With in vivo primed CTLs from 
the peritoneal cavity of alloimmunized mice (PEL-CTL), 
the specificity of CTL-target cell conjugation is displayed 
at all CTL/target cell ratios examined. It appears that up 
to 40% of immune PEL are capable of specifically con- 
jugating to the immunizing tumor cells. Five to ten percent 
of these alloimmune peritoneal cells bind nonspecifically 
to antigenically irrelevant cells (53). Specific binding 
probably involves the CTL Ti-CD3 receptor complex and 
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the target MHC class I Ag. The CTL CD8 (or CD4), LFA- 
1 and CD2 (Til, sheep red blood receptor, LFA-2) mem- 
brane determinants also contribute to intercellular binding 
(99). NK cells preferentially conjugate to NK-sensitive 
target cells, but neither the NK receptor nor the target 
determinants recognized by NK cells are known at the 
present time. 

CTL conjugation behaves "clonally" since CTLs from 
animals immunized simultaneously by two antigenically 
dissimilar tumor allografts form only little heteroconju- 
gates (i.e., one CTL bound to two different types of target 
tumor cells) (54). Heteroconjugates, however, can form 
in the presence of a mitogenic lectin, such as concana- 
valin A which enables binding of CTLs and third-party 
target cells. Brondz et al. (93) were the first to demon- 
strate the generation of distinct subpopulations of alloim- 
mune CTLs against membrane Ag coded for by the MHC 
H-2D and H-2K subloci by differential immunoabsorption 
on cell monolayers. A "gene-dosage" effect in the in- 
duction of CTLs, as determined by conjugation, is sug- 
gested by the results presented in Table 1. Thus alloim- 
munization of mice with a single peritoneal tumor allograft 
differing from the host at one or two MHC haplotypes 
generated 19 and 29% specific conjugate-forming non- 
adherent peritoneal cells, respectively, while simultane- 
ous intraperitoneal immunization with allogeneic tumors 
differing from the host at three or four MHC gene loci 
generated a total of about 48 and 60% conjugate-forming 
cells, respectively. Lower frequencies of conjugating ef- 
fectors in a syngeneic intraperitoneal tumor system has 
been demonstrated (66). 
In contrast to specific T cell receptor (Ti)-mediated tar- 



get cell binding by in vivo primed murine CTLs, antigen 
specific CTL clones propagated in vitro often bind less 
specifically to target cells although they still kill specifi- 
cally (99). Three distinct molecular species, namely, 
LFA1, CD2, and LFA3, appear to be involved in this 
nonspecific adhesion. The finding that the molecules in- 
volved in nonspecific adhesion are also intrinsic to spe- 
cific CTL-target binding suggests that weak, Ag-non- 
specific interactions precede specific interactions 
mediated by the CTL Ti receptor and the target cell sur- 
face Ag (99,100). Theoretical considerations suggest that 
relatively few receptor-receptor or receptor-ligand 
bonds may be necessary and sufficient to initiate firm 
adhesion between cells (101,102). It has been suggested 
that CD8 and CD4 molecules function to stabilize the in- 
teraction between CTL receptors and the corresponding 
target and/or stimulating cell class I and class II MHC 
Ags, respectively. Such stabilization may be required by 
CTLs possessing few and/or low-affinity receptors (103- 
105) since effector-target cell binding is an equilibrium 
process (106,107). The avidity of CTL-target cell junc- 
tions has been measured directly by determining the force 
required to separate a conjugated CTL from specific and 
nonspecific target cells, prior to the delivery of the lethal 
hit. Interestingly, the force required to break the bonds 
between specifically conjugated cells (1.5 X 10 4 dynes/ 
cm 2 ) is about 10 times greater than that required to sep- 
arate a nonspecific lymphocyte-target cell pair (108). 
Hence most of the binding force and probably the energy 
holding a specific CTL and target cell together must come 
from Ti-CD3 interactions with MHC determinants of the 
target. 



TABLE 1. Gene-dosage effect in CTL-targe t cell conjugation In alloimmunization 
% PEL in conjugation" 



i at yci wciio 

(MHC subloci) MHC subloci HP- K°O d K'D° K'D- (highlst %) (estimate) 



BALB/c anti-YAC (anti-K k ) 


1 


10.5 


3.9 


4.8 


BALB/c anti-EL4 




42.8 


11.8 


3.9 


(anti-K b D b ) 




C3H/eB antl-EL4 




46.6 


16.0 


6.2 


(anti-K b D b ) 




C57BL/6 anti-YAC 


2 


8.2 






(anti-K k D d ) 








C57BL/6 anti-P815 






47.4 


35.0 


(anti-K d D d ) 






C57BL/6 anti-ALB 








48.3 


(anti-K d D d ) 








C3H/eB anti-P815 




10.8 


39.5 


29.6 


(anti-K d D d ) 




BALB/c anti(EL4 + YAC) 


3 


40.5 






(anti-K b D b K k ) 








C3H/eB anti(P815 + EL4) 


4 


36.8 


34.1 




(anti-K d D d K b D b ) 









16.0 
8.2 



-48/3 
-60/4 



Jn? I^ tar9et ^ e " ° on j u 9 ates were formed b V m^ing 0.2 x 10 6 PEL with 10 6 fluorescein diacetate-labeied target tumor 
cells and scored under a fluorescence microscope. 
" Highest value of nonspecific conjugation was subtracted. 
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Targeting of Cytolytic Lymphocytes by Lectins 
and by Antibodies 

The exquisite specificity of CTL-mediated lysis, as best 
demonstrated by MHC restriction of CTL recognition and 
lysis, can be changed drastically so that CTLs can non- 
specifically lyse virtually any target cell. This can be 
achieved (a) in the presence of mitogenic plant lectins, 
such as Con A, or PHA [lectin-dependent cytotoxicity 
(LDCC)] (32); (b) if the cells are subjected to mild oxi- 
dation (109) by periodate (I0 4 ") or by galactose-oxidase 
[oxidation-dependent cytotoxicity (ODCC)]; (c) by cross- 
linking the CTL and the target cell with antibodies against 
the CTL Ti receptor or receptor-associated structures 
such as CD3 (110) and even through surrogate target an- 
tibody inserted in the lymphocyte membrane in a mode 
that precludes interaction of the inserted antibody and 
membrane receptors of the effector lymphocyte (1 11); and 
(d) by cross-linking Fc-bearing cytocidal cells to antibody- 
coated target cells (ADCQ (112). 

Lectins are sugar-binding proteins and strong cell ag- 
glutinins. It is unclear why only certain plant lectins, no- 
tably Con A and PHA, stimulate polyclonal production 
of cytocidal lymphocytes in vitro and mediate CTL-target 
cell interactions, resulting in nonspecific lysis. A putative, 
and unproven, lectin-induced activation step (not involv- 
ing the TcR) following an initial bridging (conjugation) 
step have been proposed as the two signals required and 
delivered by mitogenic lectins in LDCC (113-115). While 
mixed cell aggregates of lymphocyte and target cells can 
be induced by most lectins, only mitogenic lectins appear 
to induce stable and effective CTL-target conjugation and 
lysis (Table 2). Furthermore, pretreatment of the target 
but not of the effector by Con A results in effective cy- 
tolysis (116). Con A functioning as a "bridge" would be 



TABLE 2. Lysis and conjugate formation mediated by 
mitogenic and nonmitogenic lectins 



Lectin 


Lysis" 


Number of 


(%) 


conjugates* 


Mitogenic 






Con A (Canavalia ensiformis) 


46.0 


64 


PHA (Phaseolus vulgaris) 


77.0 


68 


LCA (Lens culinaris) 


87.0 


57 


Nonmitogenic 






PNA (Arachis hypogaea) 


4.3 


1.5 


SB A (Glycin max) 


14.0 




PWM (pokeweed mitogen) 


6.2 


7.5 



•To measure cytolytic activity, polyclonal ly activated 
splenocytes of DBA/2 origin were reacted with 51 Cr- 
labeled EL4 as targets. Mitogenic lectins were tested at 
2 to 10 |j.g/ml; nonmitogenic lectins at 20 to 50 jig/ml. 
CTL/target cell ratio was 10:1. Incubation time was 90 
min at 37°C. 

b To measure conjugate formation, peritoneal exudate 
CTLs were mixed with irrelevant EL4 or P815 cells (1 x 
10 e cells each), centrifuged at 170g for 10 min at room 
temperature, resuspended, and the number of conju- 
gates/0.5 (jl! was determined. 



expected to have a bidirectional role, namely, to induce 
lysis by pretreated CTLs as well. Therefore it has been 
proposed that the fundamental mechanism of nonspecific 
recognition and lysis in LDCC may not be simply through 
"bridging" and "activation" of the bridged effector by 
the lectin. Rather it may be analogous to specific CTL- 
target cell interaction (116,117). That is, the CTL-Ag re- 
ceptors) complex interacts with the target cell surface 
determinants (including MHC Ag) altered by mitogenic 
lectins (in LDCC) or oxidants (in ODCC) (116-118). 
These modifications of target cell surface determinants 
enable stable, nonspecific conjugate formation ultimately 
leading to lysis (Table 2). The analogy between specific 
and lectin or oxidant-dependent T cell lysis is strength- 
ened by the fact that both LDCC and specific CTL-me- 
diated killing are multiphasic, proceeding through a 
Mg 2 " 1 " -dependent conjugation step, Ca 2+ -promoted pro- 
gramming for lysis, and a final killer-cell-independent tar- 
get cell disintegration stage. Furthermore, both specific 
CTL-mediated killing and antigen nonspecific LDCC or 
ODCC are similarly influenced by metabolic and cyto- 
skeletal inhibitors, as well as by antibodies directed 
against CTLs and target cell surface components involved 
in CTL-target cell interaction (113,115-119). 

Antibody-dependent cellular cytotoxicity (ADCQ has 
traditionally been attributed to "K" cells, macrophages, 
and NK cells, which bind to antibody-coated target cells 
(usually red blood cells) through FcR of the effectors. 
Targeting of cytocidal lymphocytes (both CTLs and NK) 
by antibody against either effector or target cell surface 
determinants is a new, rapidly developing field of con- 
siderable theoretical and practical implication. In specific 
CTL-induced lysis, binding of Ag (or Ag-MHC com- 
plexes) on the target cell by the CTL c*p chains of the 
heterodimer receptor (TcR) activates the CTL lytic ma- 
chinery. However, Ti or CD3 specific antibodies attached 
to various target cells through their Fc portions and the 
FcR of the target can also trigger the lytic activity of 
CTLs, leading to lysis of the antibody-derivatized target 
(110). This reaction probably occurs because of the close 
physical association of Ti and CD3 molecules in the CTL 
membrane, as revealed by cocapping and coprecipitation 
experiments. (Fab') 2 fragments directed against Ti or CD3 
do not mediate lysis due to physical proximity, since the 
Fc portion of IgG (FcR) is involved in the intercellular 
contact. Ti and CD3 antibody cross-linked to anti-target 
antibody have also been used to direct CTLs against cer- 
tain targets. In another system CTL-induced specific lysis 
of an anti-CD3-producing hybridoma cell has been shown. 
These last two findings emphasize the role of Ti-CD3 
triggering in inducing lymphocyte-mediated cytotoxicity 
and offer new, exciting means for targeting cytocidal cells 
in tumor therapy and virus infection (120-124). 



Quantification of Lymphocyte-Target Cell Interaction 
Resulting in Conjugate Formation 

The term conjugates refers to clusters of effector lym- 
phocytes firmly bound to target cells (Fig. 2) (53). In the 
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ES'm An ! ly l, ls .°i lymPhocyte-target cell conjugation by flow cytometry. Fluorescein (Fl) labeled 
BALB/c anti-EL4 PELs were conjugated with rhodamlne (Rd)-labeled target bells (EL4) Left- Rd 
versus Fl showing conjugates in the diagonal area and nonconjugated effector and target cells on 
the ordinates. Right: Fl versus scatter (Sc) showing low Sc particles (FI-PEL); high Sc low fluo- 
rescence particles (EL4); and large, labeled particle (conjugates). (Adapted from Berke, ref 125) 




conjugation method introduced in 1975 (53,97), suspen- 
sions containing CTLs and target cells are cocentrifuged 
at room temperature to induce conjugation. After thor- 
ough yet gentle resuspension, the fraction of lymphocytes 
bound to target cells is determined in hemacytometers. 
CTL and target cells can be distinguished by size or by 
the use of fluorescent dyes. A similar conjugation tech- 
nique has been applied to NK and T h cells. To overcome 
the limitations of microscopic scoring of lymphocyte-tar- 
get conjugates such as subjectivity, sizes of populations 
scored, and speed, a cytofluorometic procedure employ- 
ing a fluorescence-activated cell sorter (FACS) has been 
developed (125,126). The method is based on the simul- 
taneous monitoring of single-color fluorescence of either 
prelabeled CTLs or target cells and scatter, or of double- 
color fluorescence of the conjugated effector and target 
cells (Fig. 6). The cytofluorometric method has been de- 
veloped further to sort out specific CTL-target cell con- 
jugates (49), to score conjugate-forming NK cells, and to 
study single-cell kinetics of lysis. 

Competitive inhibition of CTL-target conjugation, as- 
sessed by monitoring the impact of unlabeled target cells 
on conjugate formation between CTLs and fluorescently 
labeled target cells can be used to evaluate and compare 
cell surface Ags involved in CTL-target cell interaction 
(127). Unlabeled homologous target cells lower the fre- 
quency of fluorescent target cells in conjugation, propor- 
tional to their fraction of the overall target cell population. 
This method has certain advantages over "cold" target 
cell inhibition of NK or CTL-mediated lysis, where re- 
cycling of effectors influences the linearity of inhibition. 

LYMPHOCYTE-MEDIATED CYTOLYSIS 

Assessment of Lysis 

Target cell lysis following interaction with effector cy- 
tocidal cells can be determined by release of incorporated 



radioactive molecules, uptake of dyes which are excluded 
by intact viable cells, or by end-radiolabeling of the re- 
sidual cells. Testing the plating efficiency of target cells 
after interaction with effectors evaluates both cytocidal 
and cytostatic effects but is seldom used since it is cum- 
bersome. In 1968, Brunner et al. (128) modified the 5l Cr- 
release assay, long employed to measure survival time of 
red blood cells as well as complement-induced lysis of 
nucleated cells, to measure lymphocyte-mediated cyto- 
lysis. This simple procedure has been used since with vir- 
tually no modification since it correlates well with cell lysis 
and can be used to monitor large numbers of samples. 
Once incorporated into cefls (as Na 2 5l Cr0 4 ), sponta- 
neously or actively released 51 Cr is not reincorporated, 
most probably due to changes in the ionic and oxidation 
state of chromium, binding to aminosugars, peptides, and 
other cell constituents. For many target cells, the release 
of the gamma emitter 51 Cr from prelabeled target cells 
provides a good estimate of their viability, correlating 
quite well with the uptake of trypan blue or eosine dyes. 
With certain target cells, particularly during extended 
lytic assays, high spontaneous release of 31 Cr complicates 
interpretation of the results, in which instance alternative 
radioisotopic procedures (such as the release of the 
gamma-emitting amino acid 75 Se-selenomethionine or of 
1 "Indium) or other procedures to determine target lysis 
must be employed. 

With 5, Cr (isotopic) release assays, percent lysis is 
often calculated as follows: 

(experimental cpm - spontaneous cpm/total releasable 
cpm - spontaneous cpm) x 100 

Although most of the incorporated sl Cr binds to releas- 
able low molecular weight cellular components (3,000 dal- 
tons and less), about 25% of all that incorporated binds 
tightly to high molecular weight cellular components and 
is nonreleasable even at 100% cell lysis induced by re- 
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peated freeze-thawing or by exposure to detergents or 
acids. Depending on the assay conditions, cell type, and 
assay duration, spontaneous 51 Cr release values of 5 to 
25% can be obtained. In addition some of the labeled tar- 
get cells present during lytic assays are not conjugated 
and occasionally spontaneous 51 Cr release due to spon- 
taneous cefl death or passive leakage may be substantial 
(up to 25 to 40%). Hence to compare the lytic activity of 
populations exhibiting different levels of conjugation, it 
is important to know the kinetics of lysis solely attrib- 
utable to effector cells (50). The expression lytic units 
(LUs) is often used to compare the lytic activity of ef- 
fector populations (13). One LU is defined as the number 
of effectors that produce 37% lysis in a unit of time, as 
deduced from lytic data obtained with serially diluted ef- 
fectors. Because the extent of lysis is a function of both 
the concentrations of effectors and of the target, as well 
as of time, the determination and comparisons of LUs 
must be done cautiously. 

Lysis induced by individual effectors conjugated to tar- 
get cells can be assessed directly by a variety of methods 
(review in ref. 129). These include single-cell manipula- 
tion by micropipettes and phase contrast microscopy (98), 
examination of the viability (by dye exclusion) of lym- 
phocyte-target cell conjugates incubated in hemacyto- 
meters or in agar in the presence of eosine or trypan blue, 
or recently, flow cytometry of effector-target cell con- 
jugates (125,126,130). Under conditions minimizing ef- 
fector cell recycling and formation of new CTL-target cell 
interactions, by using, for instance, highly viscous media 
(dextran) (131) or by dilution in excess medium, the num- 
ber of specifically lysed target cells can provide a rough 
estimate of CTL frequencies. 



Dynamics of Lymphocyte-Target Binding, Lysis, 
and Recycling 

Lymphocyte-mediated cytolysis is a multistep process 
initiated by the binding (conjugate formation) of an ef- 
fector lymphocyte (CTL or NK) to a target cell, delivery 
of the lethal hit, target cell dissolution, and recycling of 
the effector (Fig. 7) (57,132). Conjugate formation is a 
rapid, receptor-mediated process, promoted by cocentri- 
fugation of effector and target cell mixtures (53). The fact 
that binding is optimal at room temperature, where vir- 
tually no lysis occurs, enables the study of this binding 
stage on its own (132). Dual parameter fluorocytometry 
has been used to demonstrate that conjugate formation 
follows first-order kinetics with a half-time of 1.4 min 
(126). Balk et al. (106,107) have demonstrated that CTL- 
target cell binding is an equilibrium process. They have 
also shown the reversal of specific cell-cell adhesion be- 
tween allogeneic CTLs and 51 Cr-labeled target cells. The 
rate of this reversal appears to depend on the relative 
affinity of the CTLs to the bound versus free target cells. 

Rate of lysis is defined as the number (or density) of 
target cells lysed by a given number of effectors in a unit 
of time. Depending on the effector-target system em- 
ployed, incubation periods of varying lengths are required 
to detect significant cytotoxicity. For example, CTL can 



usually lyse normal or neoplastic lymphoreticular target 
ceDs within 1 to 4 hr and even less, whereas fibroblast 
monolayers may require 12 to 24 hr to lyse. Some CTL 
populations (e.g., alloimmune peritoneal exudate) kill 
faster than others and generally the rate of NK-induced 
lysis is slower than that of CTLs. Additional kinetic con- 
siderations are as follows: (a) The rate of lysis induced by 
either CTLs or NK cells is proportional to the concen- 
tration (density) of both effectors and target cells (Fig. 8) 

(57.133) . (b) CTLs can recycle and kill at the same rate 

(98.134) at least two to three times (Table 3), whereas 
functional recycling of NK cells requires reactivation of 
the effectors (135) although evidence for two cycles of 
killing by some NK cells has been presented and there 
may not be a clear distinction between NK cells and CTLs 
in this regard, (c) Some target cells are lysed as early as 
5 to 10 min and others as late as 2 to 3 hr after onset of 
interaction with the effector (conjugate formation), (d) 
There is a short lag phase (5 to 20 min) before initiation 
of 51 Cr release (13,133). The lag period is not affected by 
increasing the effector/target cell ratio. However, a delay 
in 51 Cr release from target cells has been observed in both 
syngeneic systems (136) and when CTL-induced lysis of 
some target cells (e.g., leukemia EL4 of C57BL/6 mice) 
occurs in the absence of Ca 2+ in the medium (137). (e) 
Temperature has a marked effect on both the rates of con- 
jugation and lysis, although maximum conjugation occurs 
at room temperatures at which virtually no lysis is de- 
tected (53,57). Interestingly, lowering the temperature at 
an advanced stage of CTL-target interaction (after the 
delivery of the lethal hit) will completely halt lysis; how- 
ever, this activity will return to its original rate when the 
temperature is returned to 37°C (18,138). These results 
indicate the existence of an intermediate state of a "hit" 
target which is committed to but not fully lysed. 



Escape of CTLs from Self- Annihilation and the 
Polarity of Lysis 

Considerable evidence shows that effector CTLs are 
not inactivated as a result of deploying their lytic ma- 
chinery, but that they can recycle to participate in a new 
lytic interaction (see Table 3) (98,134). Thus any theory 
on the mechanism of at least CTL-mediated lysis must be 
compatible with the unidirectionality of the killing process 
as well as with the recycling of the effector. This does not 
seem to be the case with human NK cells. Temporary 
loss of human NK activity as a result of interactions with 
the NK-sensitive target K562 has been reported although 
killing activity of the NK population is restored by an IL- 
2-dependent mechanism (135). If the lytic signal is in- 
duced by contact with the effector only and does not in- 
volve secretion of a pore-forming toxin(s) into the inter- 
cellular gap, then obviously CTL self-destruction would 
not occur. On the other hand, how effector cells would 
avoid self-killing, while deploying a "secreted" lytic pro- 
tein(s), constitutes a dilemma. Hypothetical protective 
mechanisms have been proposed, but supportive evi- 
dence for their existence is not currently available with 
the exception of homologous restriction factor (HRF) de- 
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FIG. 7. Lymphocyte-mediated cyto- 
lysis. (From Berke, ref. 54, with per- 
mission.) 
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scribed by Muller-Eberhard and colleagues. Sparing of 
the effector CTL is a particularly important issue since, 
in 1974, Golstein (139) demonstrated that CTLs are not 
"immune" to attack by showing that B anti-C CTLs can 
be inactivated (as determined by ability to lyse C target 
cells) when exposed to A anti-B CTLs (Fig. 9). Interest- 
ingly, cloned CTL lines and in vivo primed CTLs appear 
to be more resistant to lysis or inactivation induced by 
CTLs or by lytic granules as opposed to lysis mediated 
by antibody plus C (140-143). 

That CTLs kill only in the direction of (target) recog- 
nition has been deduced from the selective inactivation of 
only B anti-C CTLs during coincubation with A anti-B 
CTLs (Fig. 9) (144), as well as from the refractiveness of 
A anti-B effectors to "reverse" lysis induced by (A x B) 
Fl anti-X effectors upon lysis of X target cells (Fig. 9) 
(145). When studied at the individual conjugate level, uni- 
directional lysis has been observed even during interac- 
tion of mutually immunized CTL populations (A anti-B 
with B anti-A) (146) although at the population level, as 
determined by the 51 Cr-release assay, bidirectional lysis 
is observed. Unidirectional lysis at the population level 
has also been demonstrated in lectin {Con A)-dependent, 



nonspecific killer anti-killer lymphocytotoxicity (116). It 
appears that effector lymphocytes wifl not express their 
lytic potential unless their Ag specific receptor complex 
is occupied by Ag or triggered by Ti-CD3 antibody and 
will only lyse target cells that are receptor bound (but see 
ref. 111). Although some conflicting findings exist, by- 
stander cells are usually not lysed, nor are cells bound to 
killer cell surface Ag other than the Ti receptors or Ti- 
associated structures such as CD3 (110). However, lysis 
mediated through CD2 recognition has been reported (the 
sheep red blood receptor of T cells) (147). The unidirec- 
tional lysis of A anti-B or B anti-A CTLs in the course 
of A anti-B-B anti-A interaction (Fig. 9) may be the result 
of a head-to-tailtype interaction, possibly due to the 
asymmetric distribution of either CTL surface receptors 
or cytoplasmic constituents or both. Unidirectional lysis 
of such mutually immunized CTLs would also occur if the 
CTL that bound first or more effectively survived the in- 
teraction. When a single CTL is bound simultaneously to 
a number of target cells, the targets are lysed sequentially, 
not simultaneously (148). This finding also supports the 
idea of a focal delivery of the lethal hit. 
In summary, the lytic event in CTL-mediated lysis ap- 
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FIG. 8. Time course of lysis of EL4 cells incubated with 
BALB/c antl-EL4 immune peritoneal exudate cells. 
PEL : EL4 indicates effector-to-target cell ratios. (From 
Berke et al., ref. 17, with permission.) 



pears to be contingent upon engagement of the CTL Ti- 
CD3 receptees) with a relevant target cell MHC complex 
Ag and may actually be mediated either by the receptor 
itself or by associated cell surface components located 
close by on the membrane or by a secreted component. 
The receptor-Ag interaction could thus result in target 
membrane perturbation leading to lysis, or the killer cell 
receptor could thereby regulate entry into the target of a 
toxic factor or formation of a membrane channel resulting 
in cell death. Third-party and bystander experiments have 
discounted the role of a nonspecific soluble mediator re- 
leased into the macroenvironment around the killer cell. 
However, a soluble mediator released upon receptor ac- 
tivation, active only in the intercellular microenvironment 
and rapidly degraded, thus appearing unidirectional, must 
be considered. 



TABLE 3. Recycling of CTLs: Single-cell analysis by 
micromanipulation 
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" BALB/c anti-EL4 peritoneal exudate killers were iso- 
lated with a micropipette after lysing their conjugated 
EL4 cells, as determined by trypan blue uptake. 

" Isolated killer cells were placed in contact with intact 
EL4 cells with the aid of a micropipette and tested for 
repeated binding and killing activity. 

Data adapted from Zaguiy et al. (98). 




£> 

FIG. 9. Unidirectionality of lysis and the role of the CTL 
receptor in lysis. A anti-B, B anti-A, B anti-C, and (A x 
B) Ft anti-X represent specifically immunized CTLs. -Y, 
4^ Y, represent receptors for C, B, A, and X antigenic 
determinants, respectively. 9, <?,?, represent B, A, and 
X antigenic determinants, respectively. 

Contact Region of Cytotoxic and Target Cells 

Electron microscopy of CTL- target cell conjugates has 
revealed extensive interdigitization of the plasma mem- 
branes at the contact region (Fig. 2) (149-151). Formation 
of fingerlike structures at the intercellular contact zone 
has also been observed by microcinematography under 
UV light, of live fluorescein diacetate-labeled CTLs con- 
jugated to live unlabeled target cells. Effector cell pro- 
jections involved in conjugation contain a network of fine 
fibrillar material and are devoid of ribosomes, granules, 
and other obvious cellular organelles. The interdigitiza- 
tion suggests that membrane-folding forces are generated 
at zones of CTL-target cell contact. This is consistent 
with the energy dependence of conjugate formation and 
the requirement of an intact cytoskeletal system (54), un- 
like the binding of antigen to receptor-bearing B lympho- 
cytes which can occur at 4°C and in the presence of azide. 
Immunofluorescence microscopy showed that the CTL 
contact region is enriched with actin but not myosin (152). 
Anti-tubulin immunofluorescence and EM snowed that 
CTLs usually bind to target cells through a membrane 
region proximal to the CTLs' microtubule organizing 
center (MTOQ and centrioles (Fig. 10) (153). A similar 
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FIG. 10. Localization of the microtubule-organizing 
center (MTOC) in lymphocyte-target conjugates by 
tubulin antibody. The MTOC of the CTL (arrow) is 
proximal to the area of contact, while the MTOC of the 
target cell is randomly oriented. Bars represent 10 u,m; 
magnification is 1,200x . (Adapted from Geiger et al., 
ref. 153.) 



observation was made later with NK-target cell conju- 
gates (154). It is unclear whether cytoplasmic polarity of 
the MTOC is related to delivery of the lytic signal proper 
or to adhesive properties of the cell membrane adjacent 
to the MTOC, which favor formation of stable intercel- 
lular contacts. Proximity of CTL and NK contact regions 
to the MTOC and centrioles may be related to the general 
role of the centriole in the effector cell movement toward 
the target, once contact occurred. For example, it has 
been shown in motile cells that the centrioles are located 
in front of the nucleus toward the leading edge of the cell 
membrane. The membrane in this area of motile cells ex- 
hibits an increased protrusive and deformational poten- 
tial, which may render it more compatible to the formation 
of stable intercellular contacts. Another CTL organelle 
found localized in the vicinity of contact regions is the 
Golgi complex (98, 155), suggesting but not confirming the 
role of a secretory process in conjugate formation and/or 
target cell lysis or lymphokine secretion. Rearrangement 
of cytoplasmic granules and other cellular organelles to- 
ward the NK-target cell binding site has also been re- 
ported (156,157). Based on time-lapse cinematography it 
has been suggested, but remains to be shown, that after 
realignment these granules fuse with the membrane and 
their contents are released into the junctional area of the 
effector-target conjugate (158) and then are involved in 
lysis. 



Intercellular Communication: Effector Molecules and 
Secretory Processes in Lymphocytotoxicity 

Cell-to-cell communication mediated by intercellular 
channels is common in organized tissues. Formation of 
cytoplasmic junctions between effector lymphocytes and 
target cells, although repeatedly suggested in the past, 



was not observed in ultrastructural and tracer stud- 
ies (149,159). Likewise, freeze-fracture studies did not re- 
veal clear-cut alterations in the distribution pattern of 
"intramembrane particles" in effector-target contact re- 
gions, suggesting but not proving that intercellular mem- 
brane fusion does not occur. Thus although unique and 
temporary communicating membrane substructures may 
form, failure to detect communicating junctions between 
the CTL and its target or to demonstrate, by EM, effector 
cell granules in the process of fusion strengthens the no- 
tion that at least certain lymphocyte-induced cytocidal in- 
teractions are strictly contactual and do not involve trans- 
fer of material from effector to target through cytoplasmic 
continuity or granule fusion with the membrane. 

The existence of a lytic, or nonlytic, intracellular or 
secreted material of effector cell origin is not sufficient in 
itself to establish its role in lymphocytes inducing lysis. 
However, in recent years, evidence has accumulated sug- 
gesting a Ca 2+ -dependent exocytosis mechanism in at 
least NK-induced and possibly also CTL-induced lysis. 
This evidence includes the following: 

1 . Release of proteoglycans from cytoplasmic granules 
of human NK cells during target cell lysis (160) and 
of serine protease(s) during CTL-induced lysis (161). 

2. Rearrangement of the cytoplasmic granules, orga- 
nelles, MTOC, and Golgi of CTLs during lysis (157). 

3. Very low NK activity in Chediak-Higashi patients 
and in beige (bg/bg) mice that both possess mutations 
causing abnormal lysosomal structure (162). Inter- 
estingly, these same beige mice exhibit CTL activ- 
ity, thus showing the existence of two separate types 
of lytic mechanisms (NK cells and CTLs). 

4. Temporary inactivation of NK cells (but not of 
CTLs) after lytic contact with target cells (135), sug- 
gesting functional secretion by NK but not CTL. 

5. Reduction of NK (but not CTL) activity by stron- 
tium, known to induce leukocyte degranulation. 
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6. Inhibition of NK lytic activity by lysosomotropic 
agents that interfere with lysosomal structure and 
function, such as chloroquine, NH4CI, as well as by 
drugs (such as Monensin) which affect Golgi-me- 
diated secretion. However, the effects of Monensin 
on CTL/NK-mediated lysis are complicated by the 
significant inhibition of CTL-target conjugation (G. 
Berke and D. Rosen, unpublished results) as well as 
by the fact that this drug inhibits vesicle fusion to 
the Golgi apparatus and probably does not influence 
exocytosis of prepackaged lytic granules as pro- 
posed for NK- and CTL-induced lysis. Furthermore, 
lysis in the absence of Ca 2+ in the medium, a con- 
dition which prohibits granule exocytosis, as well as 
perforin-induced cytolysis has been demonstrated 
(137,163). 



Subcellular and Soluble Cytolytic Factors in Cell- 
Mediated Cytotoxicity 

There are indications for a secretory process in lym- 
phocytotoxicity and several lytic factors have been ob- 
tained from the culture medium of resting or activated 
cytocidal lymphocytes or extracted directly from the 
cells. Cytolytic lymphocytes can produce two different 
types of cytotoxic effector molecules, namely, granule- 
associated proteins that can induce prompt, nonspecific 
cell lysis and other non-granule-associated secreted pro- 
teins that can cause protracted (12 to 24 hr) but selective 
lysis. 



NK Cytotoxic Factor(s) (NKCF) 

This slow-acting factor(s) is released from murine, rat, 
or human NK cells during their interaction with NK sus- 
ceptible targets. Release of NKCF can also be induced 
by mitogens. Because the factor(s) retains both the spe- 
cies and target specificity of NK cells, it is believed to be 
involved in target cell lysis mediated by NK cells (Fig. 
11) (164). NKCF is absorbed by susceptible target cells 
through putative NKCF binding receptors, possibly cell 
surface glycoproteins/glycolipids. Its internalization ap- 
pears to induce irreversible damage to the target by an 
unknown mechanism, resulting in target lysis without fur- 
ther exposure to NK cells. Clearly more work is required 
to establish the precise molecular nature and function of 
NKCF in NK-induced lysis. 



Lymphotoxin (LT) (TNF-&) 

Activation of B or T lymphocytes with Ags or mitogenic 
lectins can lead to production of LT (also called TNF-p), 
a tumor necrosis factor (TNF-a)-like molecule of 171 
amino acids (~18 kd) which can nonspecifically lyse cer- 
tain sensitive target cells (165-167). However, in vivo (74) 
and in vitro (168) experiments with bystander cells to de- 
tect diffusible effector molecules have indicated that LT 
may not be involved in CTL-mediated lysis. Furthermore, 




FIG. 11. Model proposed for the mechanism of lysis in- 
duced by NK cells. (I) NK recognition structure. (II) NK 
target structure(s). (Ill) Stimulating target cell structure. 
(IV) NK receptor. (V) Release of NKCF. (VI) Released 
NKCF. (VII) NKCF binding site. (VIII) NKCF processing. 
(IX) Target cell death. (Adapted from Wright and Bon- 
avida, ref. 164) 

LT antibodies which retard LT activity in a delayed-type 
hypersensitivity reaction do not affect CTL-induced lysis 
(168). However, the possibility has not been excluded that 
LT or another lytic product is secreted into the intercell- 
ular space or transferred from CTL to target cells through 
specialized junctions, following specific CTL-target cell 
conjugation. 



Tumor Necrosis Factor (TNF-a) 

This toxic factor is found in the serum of animals in- 
fected with Bacillus Calmette-Guerin (BCG) and endo- 
toxin (167,169,170). TNF-a is capable of inducing hem- 
orrhagic necrosis of murine tumors, particularly when 
injected into the tumor lesion. It is a nonglycosylated pro- 
tein of 157 amino acid residues (~17 kd). TNF-a is pro- 
duced by macrophages, and macrophage-induced lysis is 
blocked by TNF-a antibodies. Neither TNF-a nor TNF- 
0 antibodies blocks lysis induced by NK cells. TNF-a is 
structurally homologous to LT (TNF-P) and exhibits 30% 
amino acid homology. TNF-a and LT interact with cells 
through a specific class of Wgh-affinity receptors (K d < 
10 -10 M), the number of which is increased by interferon. 
Both TNF-a and TNF-p (LT) are cytocidal to only a nar- 
row range of cells, with L929 cells being the most sus- 
ceptible target. 



Lytic Granules, CytolysinlPerforin, 
and Serine Proteases 

NK cells and some but not all CTLs, particularly those 
cultured with IL-2 or responding to stimulation by Ags/ 
mitogens or IL-2, contain defined cytoplasmic granules, 
which have been observed by EM (Fig. 12), isolated, pu- 
rified on Percoll gradient, and analyzed (43,171-173). 
These cytoplasmic granules contain the Ca 2+ -dependent 
lytic protein(s) perforin/cytolysin, hydrolytic lysosomal 
enzymes, and several distinct serine proteases and pro- 
teoglycans (-200 kd). Ca 2+ -dependent exocytosis of 
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FIG. 12. Electron micrographs of a granular CTL and its isolated granules. A: A CTLL-2 cell. Note 
abundance of osmiophilic granules (gr). Bar represents 1 .2 fim. mit, mitochondria. B: Purified gran- 
ules extracted from CTLL-2 cells. Bar represents 526 nm. Electron microscopy by D. Rosen. 



granule contents has been proposed to be involved in tar- 
get cell lysis induced by cytocidal lymphocytes. At least 
one and possibly two proteins of 70 to 75 kd (reduced) 
are present in purified granules extracted from both NK 
cells and some CTLs that contain such granules. They are 
antigenically related to the ninth component of comple- 
ment (C9) (171,174), but unlike C9, cytolysin/perforin in 
itself causes rapid and Ca 2+ -dependent lysis of a variety 
of target cells, including red blood cells as well as nu- 
cleated cells which are NK resistant (175). Both human 
and mouse perforin have been recently cloned, the genes 
exhibiting 30% homology to C9. Cytolysin/perforin induce 
the disintegration of liposomes as determined by rapid 
release of internalized carboxyfluorescein (43). When po- 
lymerized, perforin forms characteristic hollow tubular 
structures (I.D. 150 to 200 A) spanning the membranes of 
the target cells (171). Negatively stained and examined by 
EM, these structures appear as "rings" embedded in the 
membrane (Figs. 13A and 14). Functional transfer of per- 
forin from granulated effector CTL to target cell has been 
inferred in one report from the immunofluorescence of 
perforin antibody applied to CTL-target cell conjugates 
(171). Curiously, the antibodies directed against perforin, 
which effectively block lysis induced by purified perforin 
or perforin-containing lytic granules, do not block lysis 
induced by in vivo primed CTLs, hence direct proof for 
the involvement of perforin/cytolysin in CTL-induced 
lysis is lacking. 

A few distinct CTL specific serine esterases have been 
discovered both at the gene and at the protein levels (176- 
179). These include CTLA1 (also termed CCP1 or gran- 
zyme B) and CTLA3 (H factor, granzyme A). Lytic cy- 
toplasmic granules can be extracted from CTL-NK cell 
lines and appear to be the intracellularly localized storage 
organelle of these enzymes. The enzymes are released 
upon specific CTL-target cell interaction, resulting in 



lysis (179,180), but their role, if any, in inducing lysis is 
as yet unknown (181). Recently we observed transient 
expression of serine-proteases during primary but not sec- 
ondary CTL response in vivo (Gardyn and Berke, un- 
published), suggesting that CTL transiently acquire gran- 
ules containing serine-proteases in the course of their 
primary stimulation, probably under the influence of IL- 
2. Hence protease activity of CTL correlates with their 
stage of differentiation rather than cytocidal activity. Two 
newer CTL genes, CTL-A2a and CTL-A2f}, appear to 
have the pro-region of a cysteine protease whose function 
in inducing killing is also unknown at the present time. 



THE "LETHAL HIT" AND THE 
MECHANISM OF LYSIS 

Early Studies 

Several theories have been proposed for the nature of 
the lethal hit and the mechanism of lymphocyte-induced 
lysis (reviews in refs. 2-4,182-184). The apparent se- 
quential release of cellular constitutents from the affected 
target according to molecular size, combined with the pro- 
tective effects of high molecular weight dextrans 
(185,186), supported the theory of small lymphocyte-in- 
duced target membrane damage, ultimately leading to col- 
loidal-osmotic swelling followed by target cell membrane 
rupture (187). Alternatively, the firm adhesion of CTLs 
to target cells was proposed to cause tangential shear 
force on the target cell membrane, leading to target cell 
damage and lysis (188,189). Yet another theory proposed 
the activation of a membrane-bound phosphoUpase re- 
sulting in removal of one fatty acid from phosphatidyl- 
choline, thereby causing formation of lysophosphatidyl- 
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FIG. 13. Membrane-bound ring ' structures in immune cytolysis. A: Membranes following lysis 
induced by hyperimmune serum + complement (BALB/c anti-EL4 serum plus El_4 target cells). 
Typical rings are seen (arrow). Bar represents 43.8 nm (A), 55.5 nm (B), and 47.6 nm (C). B: Mem- 
branes following NK-induced lysis (human peripheral blood LGL plus K562). Typical rings are seen 
(arrow). C: Negatively stained membrane isolated after CTL-induced lysis (BALB/c anti-EL4 PEL 
plus EL4 target cells). No rings are seen. Electron microscopy by D. Rosen. 



choline (lysolecithin), a strong detergent and a potent cy- 
tolytic agent, capable of destroying the integrity of the 
target cell membrane. Phosphohpases generally do not 
attack the phospholipids of intact plasma membranes; 
however, they may cleave membrane phospholipids in the 
presence of membrane-perturbing factors, such as deter- 
gents or a basic snake venom peptide and possibly during 
CTL-target cell interaction. As plasma membrane frac- 
tions from stimulated lymphocytes were found to lyse tar- 
get cells, it was suggested that physical contact with the 
effector cell membrane in itself may be sufficient to induce 
target lysis. However, linkage between CTL recognition 
and lytic activities, as manifested by lack of lysis of A 
anti-B upon interaction with B anti-C CTLs (144), sug- 
gests that the mere close apposition of CTL and target 
cell membranes, although required, is insufficient to cause 
lysis (Fig. 9). 



can occur in the absence of granule secretion (163,195). 
Interestingly, lytic granules can be induced in highly po- 
tent in vivo primed peritoneal exudate CTLs devoid of 
such granules, upon cultivation in vitro in IL-2 (87,88). 
Taken together, the recent results suggest that either gran- 
ule exocytosis is not involved in inducing lysis, or that 
the effector cells can lyse targets by two different lytic 
mechanisms. Currently, two nonmutually exclusive the- 
ories exist to explain the mechanism whereby various 
CTLs and NK cells induce lysis: (a) that a pore-forming 
protein(s), packaged in cytoplasmic granules and secreted 
upon CTL or NK interaction, induces lysis of the target 
(43,171,174) and/or (b) that a transmembrane stimulatory 
signal(s) delivered to the target upon receptor-mediated 
effector-target interaction induces internal disintegration 
of the target (191-194). The two theories, which probably 
apply to different effector cell types, are schematically 
illustrated in Fig. 14 and are discussed next. 



Current Studies and Theories 

Due to some common characteristics and the same end 
result (cytolysis), there is a recent tendency to propose a 
common lymphocytotoxic mechanism, regardless of the 
effector cell-type involved (43,171,190). Such an example 
is the proposed mechanism of lymphocytotoxicity me- 
diated by exocytosis of lytic granules and formation of 
10- to 20-nm pores in the target cell membrane. However, 
the elucidation of certain defined, prelytic events and the 
careful analyses of in vivo primed effector cell populations 
devoid of lytic granules and perforin suggests the exis- 
tence of more than one lytic pathway in lymphocytotox- 
icity (191-194). Furthermore, target lysis induced even 
by granule-containing lymphocytes (CTLs or NK cells) 



Granule Exocytosis and Formation of 100- to 200-A 
Pores in the Target Membrane 

This theory (43,171) stems from the observation that 
NK cells and certain CTLs possess lytic cytoplasmic 
granules and the discovery of complement-like lesions on 
membranes of lysed ceDs. It has been suggested that tar- 
get cell binding to a specific NK cell and to certain CTL- 
membrane receptors induces a secretory process in the 
effector cell which results in the contents of the lytic cy- 
toplasmic granules being released. It is these lytic com- 
ponents in the localized environment which have been 
proposed to cause target cell lysis. NK- and CTL-me- 
diated lysis would thus be the end result of perforation of 
target cell membranes. Indeed negative staining electron 
microscopy of lysed targets in some experiments has 
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shown protein-lined transmembrane holes (internal di- 
ameter, I.D., 100 to 200 A) which appear as membrane- 
bound "rings" (Figs. 13A,B and 14). They are believed 
to be structurally and functionally analogous to target cell 
lesions produced by the membrane attack complex of 
complement (Fig. 13A) (171,196). Cytoplasmic granules 
of CTLs and NK cells, which contain the lytic protein(s) 
perforin/cytolysin (~70 kd), lysosomal enzymes, and 
serine protease(s) activity, have been proposed to be the 
origin of the ring-forming material(s). Ca 2+ has been 
claimed to be necessary for (a) the induction of exocytosis 
of the lytic granules and (b) inducing 2 polymerization of 
the lytic protein perforin (perforin — — * polyperforin), 
believed to be involved in the perforation of the target 
membrane (see Fig. 14, right-hand box). However, the 
demonstration of CTL-induced cytolysis in the absence 
of Ca 2+ (137) would seem to invalidate this mechanism 
and suggest an alternative pathway. 



Effector Cell Triggering of Target Disintegration 
Not Initiated by Pore Formation 

Several observations are not consistent with a single 
mechanism of CTL- and NK-induced lysis, mediated 
solely by perforation of the target cell membrane with 100- 
to 200-A "holes" by effector granule constituents: 

1. Perforin/cytolysin has been detected in nonlytic 
cells, while certain in vivo primed, highly potent 
CTLs derived from the peritoneal cavity of alloim- 
munized mice lack perforin or lytic granules or both, 
and they do not induce complement-like "rings" in 
the lysed target membrane (Fig. 13C) 



(43,88,191,197-199). Also, most cloned CTLs do not 
seem to have detectable perforin (199). 

2. CTL-induced lysis of some target cells can occur in 
the absence of Ca 2+ in the medium (137), a condition 
in which no exocytosis of granule constituents is de- 
monstrable (163,195), and perforin/cytolysin is non- 
lytic to cells since perforin-induced toxicity is 
strictly Ca 2+ -dependent (43). 

3 . The prefytic increase in cytosolic Ca 2 + in target cells 
(137,191) and the disintegration of the target DNA 
into 190-bp units prior to 51 Cr release (194,200,201) 
are difficult to reconcile with a lytic mechanism ini- 
tiatedby the formation of "holes" of I.D. 100 to 200 
A in the target membrane! 

4. The release of 51 Cr, nicotinamide, amino isobutyric 
acid, and even M Rb from CTL-damaged target cells 
is temperature dependent and is fully arrested at 7°C 
and even 20°C (18,138), while leakage from damaged 
targets through putative protein-lined "holes" (I.D. 
10 to 20 nm) should be only minimally affected by 
temperature, if at all. 

5. Antibodies against lytic granules and/or components 
thereof (such as perforin/cytolysin) block lysis in- 
duced by cytolytic granules but not by in vivo primed 
peritoneal exudate CTLs and other CTLs (202). 



The alternative 

In view of these intriguing findings, an alternative lytic 
mechanism must exist. Lymphocyte-induced internal dis- 
integration of the target ceD (autolysis) has been suggested 
by some investigators (192, 194). We shall now discuss the 
possible nature of such an inductive signal delivered by 



FIG. 14. Schematic illustration of two currently proposed pathways in lymphocyte-mediated lysis. 
Contactual lysis inducing self-disintegration ( left) and granule exocytosis resulting in pore formation 
(right). Killing by contactual lysis (left side of scheme) is effected by in vivo primed, small to medium 
sized (7 to 10 nm) CTLs devoid of lytic granules and perforin and which exhibit only background 
levels of BLT-esterase activity. These effectors are MHC-restricted, Ti/T3-positive CTLs. In the pres- 
ence of Mg 2+ , these CTLs bind target cells, thus forming conjugates. The CTL MTOC and Golgi 
complex are oriented toward the contact area, which is characterized by membrane interdigitation. 
Under permissive ion and temperature conditions, a cascade of events is Initiated in the target, 
culminating in zeiosis and cytolysis. These include target membrane derangement caused by CTL 
binding, which results in K + efflux (depolarization), and an increase of cytosolic Ca z+ (from external/ 
internal stores). Ca 2+ may be involved in inducing prelytic DNA degradation, damage to the nucleus 
and mitochondria, activation of ATPases, and ATP depletion, blebbing, and membrane damage 
culminating in zeiosis. The effector cell can recycle without reactivation. In the lytic granule exo- 
cytosis pathway (right side of scheme), the killer is a large (1 0 to 20 ixm) granular lymphocyte (certain 
CTLs and NK cells). Some of these effectors areTi/T3 + , MHC-restrlcted, while others (including NK 
cells) lyse nonspecifically. These effector cells are characterized by lytic cytoplasmic granules con- 
taining perforin and BLT-esterase(s). When presented with an appropriate target, the granular ef- 
fector cell undergoes a series of events, similar to those with agranular killers, to form interdigitated 
contact with the target. This is followed by external Ca z+ -dependent granule exocytosis and release 
of a pore-forming proteln(s) (perforin/cytolysin) into the intercellular gap. The released perforin 
undergoes Ca 2+ -dependent polymerization to form a protein-lined hole (I.D. 100 to 200 A) perfo- 
rating the target cell membrane. These lesions appear as ring-shaped structures in negative-staining 
EM. Other granule and nongranule components [NK cytolytic factor (NKCF), TNF-a, TNF-p] may 
contribute to target lysis. This effector cell type requires reactivation before it can interact with and 
lyse another target cell. 
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the killer and how target lysis is achieved (scheme, Fig. 
14, left-hand side). It has been proposed that CTL-me- 
diated lysis is initiated by multiple submicroscopic mo- 
lecular derangements in the target membrane structure 
(191) upon lymphocyte-target interaction. Membrane de- 
rangements may result from direct contact of the target 
MHC and/or other cell surface determinants with the CTL 
Ti-CD3 complex (Fig. 14, left-hand box) and involve 
other membrane-bound (e.g., CD8 or CD4) or secreted 
lymphocyte effector molecule(s) (192). Under permissive 
temperature and ionic conditions, a multitude of such in- 
tercellular contacts would induce membrane depolariza- 
tion as measured by ^Rb"*" (a K + analog) efflux from the 
target, simultaneously with the delivery of the lethal hit 
(131,203). Subsequent permeability changes observed in 
the target following contact with CTLs probably reflect 
progressively failing ionic pumps, which are only initially 
capable of controlling K + efflux (depolarization) and Na + 
and Ca 2+ influx through the deranged (depolarized) mem- 
brane. 

The outcome of any low-level chemical, physical, or 
immunological (complement- or CTL-induced) damage to 
targets depends on that cefl's ability to compensate for 
and/or repair the damage inflicted. Small perturbations in 
ion fluxes are dealt with by enhanced outward ion, mainly 
Na + and Ca 2 + , pumping activity, energy metabolism, and 
oxygen consumption by the affected cell. Substantial, or 
small but peristent, derangements of the cell membrane 
can exhaust energy resources involved in ion pumping. 
Cessation of outward Na + pumping ultimately leads to 
net water influx, colloidal-osmotic cell rupture, and target 
disintegration. On the other hand, the prelytic, postlethal 
hit loss of cellular K + occurs with the concurrent entry 
and accumulation of Na + . Although the transmembrane 
ion concentration gradients are thus dissipated, the intra- 
cellular concentration of colloids (proteins) is still higher 
than that present externally, and the cells thus begin to 
swell slowly. Hence disruption of the Donan equilibrium 
may facilitate net uptake of water, swelling, lysis, and 
release of high molecular weight compounds 
(131,203,204). 



toskeletal elements resulting in bleb formation (205) and 
finally zeiosis. Mitochondria were shown to be one of the 
first cellular organelles affected in the course of lympho- 
cyte-mediated cytolysis. Energy production by mito- 
chondria could be suppressed by Ca 2+ -induced damage 
to mitochondrial structure/function, affecting generation 
of ATP and thus the function of ATP-fueled ion pumps. 
Ca 2 * enhancement of phospholipase activity may induce 
damage to the plasma and internal membranes. Ca 2+ ac- 
tivation of major cellular ATPases, such as actomyosin, 
could lead to massive ATP and phosphocreatine deple- 
tion, further suppressing Na + /K + -ATPase (sodium 
pump) activity, already compromised by the depolarized 
membrane and decreased mitochondrial ATP production 
(191,192). 



IL-2-Induced Acquisition of Cytocidal Granules, BLT- 
Esterase and Perforin mRNA by Lymphocytes and the 
Two Pathways of Lymphocytotoxlcity 

The demonstration of complement-like "holes" (LD. 
100 to 200 A) on membranes of targets lysed by effector 
lymphocytes and of lytic granules and perforins, in certain 
cytocidal lymphocytes (immature CTL in vivo, LGL or 
CTL cultured in IL-2), led to the suggested mechanism 
of lytic granule exocytosis and a common terminal step 
in lymphocyte and complement-induced lysis. However, 
neither the formation of complement-like "rings" in tar- 
gets were caused by, nor have lytic granules, perforin/ 
cytolysin, or serine esterases been found in either highly 
potent, mature peritoneal exudate CTLs (day 1 1 after pri- 
mary or day 5 after secondary immunization), in cytocidal 
hybridomas generated from them (PEL hybridomas), or 
in a number of other CTL lines (88,197,198). We have 
recently found that upon incubation in vitro in the pres- 
ence of IL-2, the small in vivo primed cytolytic PELs 
transform into large, dividing cytolytic T cells (PEL- 
blasts), which express authentic PEL specificity in short- 
term lytic assays (87,88). PEL-blasts, in contrast to the 
small in vivo primed PELs, possess massive quantities of 
lytic granules (Fig. 1), serine esterase activity (Table 4) 



The role of cytosolic Ca 2+ in inducing 
cellular injury 

The above sequence of events does not account for cer- 
tain prelytic effects (preceding 5, Cr release) character- 
istic of lymphocyte-induced cytolysis. These include 
DNA disintegration, cytoplasmic streaming, blebbing, 
and finally "zeiosis" (cell boiling). The prelytic elevation 
of cytosolic (and probably nuclear) Ca 2+ levels (which 
can be detected within minutes of lymphocyte-target cell 
interaction) has been suggested to be an essential prelytic 
event, inducing internal disintegration processes in the 
target cell which culminate in zeiosis (137,191,192). In- 
crease in Ca 2+ may contribute to DNA fragmentation 
(194,200), through triggering of Ca 2+ -dependent topoiso- 
merases and nucleases, which induce uncoiling and frag- 
mentation of the DNA, respectively. Target cell protease 
activity induced or enhanced by Ca 2+ could damage cy- 



TABLE 4. Expression of protease (BLT-esterase) 
activity in various CTL 



Cells 



BLT-esterase 
activity" 



CTLL-2 (IL-2 dependent, in vitro) 6.00 
PEL-CTL (4 days after in vivo priming) 6 0.540 
PEL-CTL (11 days after in vivo priming) 0.228 
PEL-CTL (5 days after in vivo priming) 0.019 
PEL-CTL hybridorna 0.056 

PEL-Blasts (IL-2 dependent, in vitro) 6.8-47.0" 
Normal spleen 0.222 
EL4 leukemia 0^220 
P81 5 leukemia 0.386 

L1210 leukemia o!oi8 

" OD 412 nm/1 x10 6 cells/15 min. 
6 Various cultures. 

c Transient expression of BLT-esterase during primary 
but not secondary PEL-response (Gardyn and Berke, in 
preparation). 
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FIG. 15. The function of granules in lymphocyte activation modulation by IL-2. 



and perforin mRNA (Berke, Podack and Lowry, in prepa- 
ration). IL-2 also appears to modulate the expression of 
BLT-esterase and cytoplasmic granules in the course of 
CTL differentiation (Fig. 15), as we have found transient 
expression of BLT-esterase activity during primary CTL 
differentiation in the peritoneal cavity (Gardyn and Berke 
unpublished). Hence, granule and protease expression in 
CTL correlates with their stage of differentiation rather 
than cytocidal activity. Granules may play a role in CTL 
trafficking and in response to antigen, as well as in the 
elimination of responding cells. The proposed mecha- 
nisms involving exocytosis of lytic granules may apply to 
killing induced by granule-containing effectors, such as 
LGLs and CTL cultured in IL-2, but not mature granule- 
free CTL such as PEL (Fig. 5). Thus there appear to be 
two distinct pathways of lymphocytotoxicity, only one of 
which involves secretory lytic granules. 
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immunodominant region of the autoantigcn 
MBP. This may provide insight into the 
molecular mechanisms of MS and help in 
the design of new specific therapeutic ap- 
proaches. 
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A Receptor for Tumor Necrosis Factor Defines an 
Unusual Family of Cellular and Viral Proteins 

Craig A. Smith,* Term Davis, Dirk Anderson, Lisabeth Solam, 
M. Patricia Beckmann, Rita Jerzy, Steven K. Dower, 
David Cosman, Raymond G. Goodwin 



re done for 30 cycles 
min; 55*C, 2 min; and 72°C, 3 min) with 1 ug of 
each primer in 50- ul reactions. Amplified products 
were separated in 1% agarose gels, transferred to 
nitrocellulose, and hybridized with an internal oligo- 
nucleotide probe. Probes were end-labeled with [y- 
33 PJATP (adenosine triphosphate) and T4 polynu- 
cleotide kinase to a specific activity of 10* cpnVug 
and hybridized. Bloc were washed at a final strin- 
gency of 6x SSC (saline sodium citrate) at 70°C and 
autoradiographed for 2 to 18 hours. T cell lines that 
were positive for more than two V e segments were 
considered not to be derived from a single MBP- 
reactive T cell and were therefore excluded from 
analysis. For sequencing, amplification was per- 
formed with a V.17 primer specific for the leader 
segment, which contained an internal Pst I restric- 
tion site. Amplified DNA was treated with protein- 
ase K, extracted with phenol chloroform, precipitat- 
ed with ethanol, and digested with restriction endo- 
nucleases Bg] II and Pst I. Gel-purified DNA was 
ligated into M13mpl9, and single-stranded DNA 
was sequenced by the dideoxy method. Negative 

controls were included during the procedure t 

for possible contamination of RNA 
reagents used for cDNA synthesis and an 
12. J. P. Tillinghast, M. A Behlke, D. Y. Loh, Science 



Tumor necrosis factor a and fj (TNF-ot and TNF-0) bind surface receptors on a variety 
of cell types to mediate a wide range of immunological responses, inflammatory 
reactions, and anti-tumor effects. A cDNA clone encoding an integral membrane 
protein of 461 amino acids was isolated from a human rung fibroblast library by direct 
expression screening with radiolabeled TNF-ot. The encoded receptor was also able to 
bind TNF-p. The predicted cystcinc-rich extracellular domain has extensive wytrnrc 
similarity with five proteins, including nerve growth factor receptor and a transcrip- 
tionally active open reading frame from Sbopc fibroma virus, and thus defines a family 
of receptors. 



TUMOR NECROSIS FACTOR a (TNF-tt, 
cachectin) and 0 (TNF-0, lympho- 
toxin) are structurally and function- 
ally homologous proteins secreted by acti- 
vated macrophages and lymphocytes, re- 
spectively (1). These cytokines have pleio- 
tropic activities in vitro and in vivo, 
including cytotoxic effects against tumors 
and virus-infected cells, stimulation of inter- 
leukin-1 secretion, stimulation of prostagla- 
din E2 and collagen production, inhibition 
of lipogenic gene expression in adipocytes, 
and stimulation of various immune effector 
cells (2). Clinical interest has focused on 
TNF because it appears to be a common 
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mediator of inflammation, endotoxin-in- 
duced shock (1), and the wasting syndrome 
commonly observed in chronic infections 
and neoplastic disease (5). TNF receptors 
appear on virtually all somatic cells (1), and 
generally the ligands cross-compete for 
binding (4), suggesting they share a com- 
mon receptor. As an aid to studying the 
TNF system in molecular detail, we isolated 
a cDNA done of the receptor. 

The SV40-transformcd human lung fi- 
broblast cell line WI26-VA4 was used as a 
source of mRNA for construction of a 
cDNA library. This cell line binds both 
TNF-a and -0 and displays multiple affinity 
classes; approximately 23,000 binding sites 
per cell (N) were detected with 125 I-TNF-a 
that could be fit to two affinity classes, low 
(K,i = 0.16 ± 0.10 nM~', N, = 19,700 ± 
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4,800) and high (K& = 6.2 ± 3.9 nM -1 , 
N 2 = 3,000 ± 1,400) (Fig. 1A). TNF-0 
binds with lower affinity than TNF-a and 
the ligands cross-compete for binding (Fig. 
IB). Double-stranded cDNA was synthe- 
sized by standard procedures, inserted into 
the mammalian expression vector pDC302 
(J) and a TNF receptor done isolated by a 
direct expression approach. Plasmid DNA 
from about 1000 Escherichia coli (DH5a) 
transformants were pooled, transfected into 
COS cells, and screened by contact autoradi- 
ography (6), which detects positive pools by 
the ability of those COS cells expressing 
TNF receptor inserts to bind 123 I-labeled 
TNF-a. After screening 175,000 clones, one 
positive pool (#737) was obtained, subdi- 
vided, and converged to a single clone in 
two cycles of this procedure. By autoradio- 
graphic plate binding (6), the pure done 
when transfected into COS cells expressed a 
receptor that bound both m I-TNF-a and 
-B; binding of either ligand was completely 
inhibited by a 200-fold excess of the same or 
homologous unlabeled cytokine (7). Quan- 
titative in situ binding studies of the COS- 
expressed receptor with IZ5 I— TNF-a agreed 
with these results and showed die binding to 
be complex (Fig. 1C). As with the native 



WI26-VA4 receptor, the recombinant COS 
receptor displayed both low (K,, = 
0.18 ±0.06 nM" 1 ) and high (K& = 
10.1 ± 1.0 nM - ') affinity classes for ,25 I- 
TNF-a. TNF-p bound with lower affinity 
and competitively inhibited l25 I-TNF-a 
binding (Fig. ID). Thus, ligand binding 
properties of both the native and recombi- 
nant receptor appear similar. The origin of 
the multiple affinity classes for TNF-a is 
unclear. Indeed, most workers (1, 4, 8, 9), 
but not all (10), have reported monophasic 
Scatchard plots for TNF-a. However, TNF- 
a is predominantly a homotrimer (11) and 
therefore intrinsically capable of multivalent 
binding. In one report (12), differential bio- 
logical effects could be related to biphasic 
binding of TNF-a. While not necessarily 
sharing a common origin, multiple affinity 
classes are a common feature of many recep- 
tor systems (13). 

The isolated TNF receptor cDNA was 
used as a probe to analyze the mRNA 
expressed in a variety of cell lines and tissues 
(Fig. 2). A single size dass of transcripts of 
-4.5 kb was detected in WI26-VA4, Raji 
cells (a B lymphoblastoid line), LPS-stimu- 
lated peripheral blood monocytes (PBM), 
induced peripheral blood T cells (PBL), and 





Fig. 1. TNF binding characteristics of native and recombinant TNF receptors (31). (A) Direct binding 
of I-TNF-a to WI26-VA4 cells (Scatchard coordinate system). (B) Inhibition of ,25 I-TNF-o 
binding to WI26-VA4 cells by unlabeled TNF-a (•) and TNF-p (O). TNF-a inhibition: K, , (low 
affinity) « 1.6 ± 0.2 nM; K,, 2 (high affinity) = 0.8 ± 0.1 pM. TNF-p inhibition: X, , (low affinity) = 
0.29 ±0.06 nM; K u (high affinity) = 1.3 ± 0.6 pM. (C) Direct binding of l25 I-TNF-a to 
recombinant (COS) TNF receptor. (D) High affinity site inhibition of 1 "I-TNF-a binding to 
recombinant (COS) TNF receptor by unlabeled TNF-a (•) or -p (O). K, (a) = 6.7 ± 2.9 nM- Kj (P) 
= 3.3 ± 0.8 nM. C, free concentration of TNF (molar); r, molecules of TNF bound per cell. All 
parameter values arc ± standard error. Data fit to one or two site models as described (32). 



Fig. 2. RNA blot analy- 
sis of TNF receptor 
mRNA Polyadcnylated 
RNA (3.5 M.g) was used 
from each source, except 
placental tissue (5 to- 
tal RNA). PBL were cul- 
tured for 6 days in IL-2 
and OKT3 monoclonal 
antibody, then rcstimu- 
lated for 8 hours with 
conconavalin A (Con A) 
and PMA (fi). RNA was 
fractionated on a 1.1% 
agarose-formaldehyde gd, blotted onto Hybond- 
N (Amentum), and hybridized with a labeled 
antisense RNA probe prepared from the 630- bp 
Not I-Bgl II fragment of the TNF receptor 
cDNA that had been subcloncd into a Blucscript 
plasmid (Stratagene). Filter hybridization and 
washing conditions were as described (J). Vari- 
able exposure times w 
figure. 



placental tissue. A transcript of slightly larg- 
er size (-5.0 kb) was detected in thymic 
tissue, and splenic tissue contained tran- 
scripts of both size dasses. The origin of 
these differences is not dear, but the pres- 
ence of TNF receptor transcripts in these 
different cells is consistent with the near 
ubiquitous distribution of the receptor. 

The 3.7-kb insert of done 737 was sub- 
cloncd and sequenced (5) (Fig. 3). The 
cDNA contains a string of adenines at the 3' 
end and an upstream consensus polyadenyl- 
ation signal. The discrepancy between the 
size of the isolated cDNA and that of die 
transcripts estimated from Northern analysis 
may be due to a deficiency of 5' sequences in 
this clone. It is also possible that alternative 
polyadcnylation signals are utilized. Up- 
stream of the polyadcnylation site is a 299- 
bp segment that has homology to the Alu 
family of repetitive sequences (14). The se- 
quence contains a single large open reading 
frame encoding 461 amino acids with fea- 
tures typical of an integral membrane pro- 
tein (IS). The initiating methionine pre- 
cedes 22 hydrophobic residues characteristic 
of a leader sequence; the most probable 
deavage site (16) predicts Leu" as the 
mature NH 2 -tcrminus. Another hydropho- 
bic region of 30 amino acids is located 
between residues 258 and 287, bordered by 
chareedresiducs at cither end (Asp 257 and 
Lys M0 ), consistent with a transmembrane 
segment that makes a single helical span. 
Immediately upstream of this element is a 
region of 57 amino adds rich in threonine, 
serine, and proline residues. Such a compo- 
sition is indicative of O-linked glycosylation 
sites containing sialic add and is found in 
similar extracellular regions of several recep- 
tors, induding those for nerve growth factor 
(NGF) (17) and low density lipoprotein 
(LDL) (18). The NH 2 -terminal 162 amino 
adds (positions 39 to 200) are rich in 
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cysteines (22 residues) and also contain two 
potential N-linked glycosylation sites. The 
receptor terminates in a cytoplasmic domain 
of 174 amino acids, rich in serines (18%), 
six of which are contiguous. Five cysteines 
and one potential N-linked glycosylation 
site arc also present in this domain. 

A computer search of several sequence 
databases (19) queried with the entire 439- 
residuc sequence of the mature TNF recep- 
tor revealed five proteins with striking simi- 
larity: human and rat NGF receptor, CD40, 



cDNA clone 4-1BB, and T2 (Fig. 4). Four 
of these arc transmembrane proteins, two of 
which are known receptors (for human and 
rat NGF). CD40 is a B cell-localized surface 
antigen, found also on neoplastic cells of 
epithelial origin, that becomes phosphoryl- 
atcd in the cytoplasmic domain after bind- 
ing the CD40-specific monoclonal antibody 
G28-5 (20). Clone 4-1BB was identified as a 
murine cDNA from induced helper and 
cytolytic T cell clones (21). Both molecules 
have been suggested to be cytokine rcccp- 



MAPVAVWAAL AVGLELWAAA HAL PAOVAFT FYAPEPGSTC RLREYYDQTA 
QMCCSKCSPG QHAKVFCTKT SDTVCDSCED STYTQLWNWV PECLSCGSRC 
SSDQVETQAC THEQNRICTC RPGWYCALSK QEGCRLCAPL RKCRPGFGVA 
RPGTETSDW CKPCAPGTFS ggSSTDICR PHQICNWAI PGNASMDAVC 
TSTSPTRSMA PGAVHLPQPV STRSQHTQPT PEPSTAPSTS FLLPHGPSPP 
AEGSTGD FAL PVGLIVGVTA LGLLI IGWN CVIMTQvfc KK PLCLQREARV 



3 TQGPEQQHLL ITAPSSSSSS LEESASALDR RAPTRNQPQA 
E ARASTGSSDS SPGGHGTQV N VT CIVNVCSS SDHESQCSSQ 
401 ASSTMGDTDS SPSESPKDEQ VPFSKEECAF RSQLETPETL LGSTEEKPLP 
451 LGVPDAGMKP S 

Flfl. 3. Sequence of the human TNF receptor cDNA done. (A) Schematic representation and 
restriction map of the cDNA The entire coding region is boxed. The leader is hatched, the cysteine -rich 
region is shown stippled, and the transmembrane segment is solid. B = Bel II; P = Pvu II (B) The 
deduced amino acid sequence of cDNA coding region. The leader region is singly underlined, the 
transmembrane domain is shown boxed, potential N-linked glycosylation sites arc doubly underlined, 
and cysteines are identified by an asterisk. The entire nucleotide sequence is available upon request and 
has been deposited at GcnBank, accession number M32315. 



Rg. 4. Sequence similarities 
among the TNF receptor 
supcrfamily. Consensus 
alignment of residues from 
the cysteinc-ridi regions of 
human TNF receptor 
(huTNFR), T2 open read- 
ing frame of Shope fibroma 
virus (SFV-T2), human 
CD40 (huCTMO), human 
and rat nerve growth factor 
receptor (huNGFR and 
rNGFR), and murine 
cDNA clone 4- IBB (mu4- 
1BB). Numbers at NH 2 - 
and COOH-termini refer to 
residues as cited in publica- 
tions describing cDNA 
cloning (17, 20, 21, 22); 
numbers at top right of each 
block mark residues from 



tors for unidentified ligands. All identity 
between these four proteins is localized to 
the cysteine-rich regions of the extracellular 
domains; no homology was detected be- 
tween the TNF receptor cytoplasmic do- 
main and any proteins in the database. T2 is 
a transcriptionally active open reading frame 
from the Shope fibroma virus (SFV), a 
poxvirus that produces invasive malignan- 
cies in newborn rabbits (22). Although 
dominated by 22 conserved cysteines, the 
alignment is also reinforced by other con- 
served amino acids, particularly tyrosine, 
glycine, and proline. Thus, the extracellular 
domains of these molecules, presumably 
heavily disulfide bonded, probably share a 
common structural motif. Central to this 
motif would appear to be repeating homolo- 
gous domains. Several groups have shown 
that die cysteine-rich regions of NGF recep- 
tor and CD40 can be resolved into either 
pscudo twofold repeats of about 80 amino 
acids or pscudo fourfold repeats of about 40 
residues (17, 20). Similar repeats can be 
shown with the TNF receptor and T2, 
consistent with all these genes having arisen 
by duplication and divergence from a com- 
mon gene. Since both NGF and TNF arc 
oligomeric, repeating substructures in their 
receptors may aid in binding and predicts 
that the putative ligands for CD40 and 4- 
1BB may also be oligomers. The net charge 
associated with the cysteine-rich domains of 
these family members varies (-19 for NGF 
receptor; + 1 for TNF receptor), which may 
be related to ligand specificity. Presumably, 
it is this NHrtenninal region that contains 
the TNF binding sire. Multiple lines of 
evidence have localized the (apoprotein B) 
ligand binding site of the LDL receptor to 
the NH 2 -tcnninal (60-kD), cysteine-rich 
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domain (18). 

Sequences containing cysteine-rich re- 
peats are present in a number of proteins, 
including the CD18 adhesion molecules 
(23), epidermal growth factor (EGF) pre- 
cursor, Drosophila notch protein, the new on- 
cogene, and the external domains of recep- 
tors for LDL, EGF, and insulin (18, 24). 
Although many of these proteins show ho- 
mology to each other, we detect little simi- 
larity to the TNF receptor. Optimal align- 
ments of family members using the National 
| Biomedical Research Foundation (NBRF) 
ALIGN program (19) show the strongest 
similarity is between the TNF receptor and 
T2, with a score of 19 standard deviations 
(SD) above the mean score for an ensemble 
of randomly permuted molecules of the 
same lengths and amino acid composition. 
ALIGN scores greater than 3.0 are consid- 
ered significant and indicate common ances- 
try. Almost 40% of the residues are identi- 
cal, approaching the conservation level be- 
tween many murine and human cytokines 
and their receptors (25). Slight variants of 
T2 may also exist in other poxvirus family 
members, and some of these viruses are 
strongly immunosuppressive (22). Although 
T2 possesses a signal peptide sequence, the 
molecule appears to lack a hydrophobic 
segment typical of transmembrane regions, 
suggesting that T2 may be a soluble entity 
secreted from virally infected cells. Thus, 
perhaps T2 may bind TNF, or another 
cytokine, serving to locally dampen the host 
immune response. The protective effects of 
such a "soluble receptor" would no doubt 
confer a selective advantage to the pathogen. 
CD40, however, is also similar to this TNF 
receptor (38.5% amino acid identity; 15.2 
SD), yet docs not bind TNF-a when ex- 
pressed in COS cells at high levels in an 
immunorcactjve form (26). TNF receptor is 
more distantly related to 4- IBB and NGF 
receptor (9.0 and 12.3 SD, respectively). 

The signal transduction mechanism of 
TNF is unclear. The receptor cytoplasmic 
domain, as with other family members, 
shows no similarity with known proteins, 
including the cytoplasmic domain of the 
human T cell intcrleukin-1 (IL-1) receptor 
(6), despite the fact that TNF and IL-1 
mediate many common biological activities 
(1). The TNF receptor expressed in COS 
cells does not bind radiolabeled human IL- 
lot or -B, nor docs the recombinant human 
IL-1 receptor bind TNF (7). No sequences 
present are typical of tyrosine kinases, pro- 
tein kinase C, or phosphorylation sites cor- 
responding to substrates for these kinases 
(27). The cytolytic activity of TNF, howev- 
er, appears to depend on the presence of a 
200-kD protein distinct from the receptor, 
and with which it comodulates (28). 



Several groups have characterized TNF 
binding proteins from urine. Uromodulin is 
a renal glycoprotein that binds IL-1, IL-2, 
and TNF-a with high affinity, but does not 
inhibit ligand binding to their respective 
receptors and shows no sequence similarity 
to the TNF receptor reported here (29). 
Two groups have recently reported purifica- 
tion and sequencing of soluble TNF-a bind- 
ing proteins from urine with molecular 
weights of 27 to 30 kD (30). However, the 
NH 2 -terminal sequence of these proteins is 
not found in the predicted sequence of clone 
737. TNF-a receptors on myeloid cells are 
probably different from those on cells of 
epithelial origin (8). An 80-kD form of the 
receptor contains O- and N-linked carbohy- 
drate; a 60-kD form lacks O-linkcd carbohy- 
drate, possesses a different form of N-linked 
carbohydrate, and displays different tryptic 
peptide maps. Monoclonal antibodies to 
these two receptors also do not cross-react. 
The receptor we have described may corre- 
spond to the 80-kD form. Affinity cross- 
linking of the recombinant receptor using 
cither ,25 I-TNF-a or -0 shows a single 
species of 80 kD (7). Because the calculated 
protein is 46 kD, carbohydrate appears to be 
attached, and both O- and N-linked gh/cosy- 
lation sites are present in the sequence. 

The availability of a full-length cDNA 
clone for a human TNF receptor will now 
permit detailed studies into the molecular 
mechanisms by which ligand-receptor inter- 
actions produce the plciotropic effects of 
this important cytokine. Soluble, recombi- 
nant forms of this receptor may also be 
produced to explore the clinical value of 
TNF inhibition in pathological settings. 



cells express about 800 endogenous TNF-a recep- 
tors (7), or -0.1% of the level typical of COS cells 
expressing receptor inserts. COS cell a 
graphic backgrounds at the '"I-TNF-a c 
~" "" J ' aiing (0.1 nM) « 
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